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PATIENT-SPECIFIC TEMPLATE DEVELOPMENT 
FOR NEUROLOGICAL EVENT DETECTION 



FIELD OF THE INVENTION 



[0001] This invention relates to analyzing electrographic signals from human patients, and 
more particularly to systems and methods for developing patient-specific templates for 
identifying epileptiform activity in a patient's electrographic signals based on short records of 
collected electrographic data. 



BACKGROUND OF THE INVENTION 



[0002] Epilepsy, a neurological disorder characterized by the occurrence of seizures 
(specifically episodic impairment or loss of consciousness, abnormal motor phenomena, psychic 
or sensory disturbances, or the perturbation of the autonomic nervous system), is debilitating to a 
great number of people. It is believed that as many as two to four million Americans may suffer 
from various forms of epilepsy. Research has found that its prevalence may be even greater 
worldwide, particularly in less economically developed nations, suggesting that the worldwide 
figure for epilepsy sufferers may be in excess of one hundred million. 
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[0003] Because epilepsy is characterized by seizures, its sufferers are frequently limited in the 
kinds of activities they may participate in. Epilepsy can prevent people from driving, working, 
or otherwise participating in much of what society has to offer. Some epilepsy sufferers have 
serious seizures so frequently that they are effectively incapacitated. 

[0004] Furthermore, epilepsy is often progressive and can be associated with degenerative 
disorders and conditions. Over time, epileptic seizures often become more frequent and more 
serious, and in particularly severe cases, are likely to lead to deterioration of other brain 
fiinctions (including cognitive fiinction) as well as physical impairments. 

[0005] The current state of the art in treating neurological disorders, particularly epilepsy, 
typically involves drug therapy and surgery. The first approach is usually drug therapy. 
[0006] A number of drugs are approved and available for treating epilepsy, such as sodium 
valproate, phenobarbital/primidone, ethosuximide, gabapentin, phenytoin, and carbamazepine, as 
well as a number of others. Unfortunately, those drugs typically have serious side effects, 
especially toxicity, and it is extremely important in most cases to maintain a precise therapeutic 
serum level to avoid breakthrough seizures (if the dosage is too low) or toxic effects (if the 
dosage is too high). The need for patient discipline is high, especially when a patient's drug 
regimen causes unpleasant side effects the patient may wish to avoid. 

[0007] Moreover, while many patients respond well to drug therapy alone, a significant 
number (at least 20-30%) do not. For those patients, surgery is presently the best-established and 
most viable alternative course of treatment. 

[0008] Currently practiced surgical approaches include radical surgical resection such as 
hemispherectomy, corticectomy, lobectomy and partial lobectomy, and less-radical 
lesionectomy, transection, and stereotactic ablation. Besides being less than fiiUy successful, 
these surgical approaches generally have a high risk of complications, and can often result in 
damage to eloquent (i.e., functionally important) brain regions and the consequent long-term 
impairment of various cognitive and other neurological fimctions. Furthermore, for a variety of 
reasons, such surgical treatments are contraindicated in a substantial number of patients. And 
unfortunately, even after radical brain surgery, many epilepsy patients are still not seizure-free. 
[0009] Electrical stimulation is an emerging therapy for treating epilepsy. However, currently 
approved and available electrical stimulation devices apply continuous electrical stimulation to 
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neural tissue surrounding or near implanted electrodes, and do not perform any detection - they 
are not responsive to relevant neurological conditions. 

[0010] The Neurocybernetic Prosthesis (NCP) from Cyberonics, for example, applies 
continuous electrical stimulation to the patient's vagus nerve. This approach has been found to 
reduce seizures by about 50% in about 50% of patients. Unfortunately, a much greater reduction 
in the incidence of seizures is needed to provide clinical benefit. The Activa device from 
Medtronic is a pectorally implanted continuous deep brain stimulator intended primarily to treat 
Parkinson's disease; it has also been tested for epilepsy. In operation, it supplies a continuous 
electrical pulse stream to a selected deep brain structure where an electrode has been implanted. 
[0011] Continuous stimulation of deep brain structures for the treatment of epilepsy has not 
met with consistent success. To be effective in terminating seizures, it is believed that one 
effective site where stimulation should be performed is near the focus of the epileptogenic region 
of the brain. The focus is often in the neocortex, where continuous stimulation may cause 
significant neurological deficit with clinical symptoms including loss of speech, sensory 
disorders, or involuntary motion. Accordingly, research has been directed toward automatic 
responsive epilepsy treatment based on a detection of imminent seizure. 

[0012] A typical epilepsy patient experiences episodic attacks or seizures, which are 
characterized by periods of abnormal neurological activity. "Epileptiform" activity refers to 
specific neurological activity associated with epilepsy as well as with an epileptic seizure and its 
precursors. 

[0013] Most prior work on the detection and responsive treatment of seizures via electrical 
stimulation has focused on analysis of electroencephalogram (EEG) and electrocorticogram 
(ECoG) waveforms, hi common usage, the term "EEG" is often used to refer to signals 
representing aggregate neuronal activity potentials detectable via electrodes applied to a patient's 
scalp, though the term can also refer to signals obtained from deep in the patient's brain via 
depth electrodes and the like. Specifically, "ECoGs" refer to signals obtained from internal 
electrodes near the surface of the brain (generally on or under the dura mater); an ECoG is a 
particular type of EEG. Unless the context clearly and expressly indicates otherwise, the term 
"EEG" shall be used generically herein to refer to both EEG and ECoG signals, regardless of 
where in the patient's brain the electrodes are located. 
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[0014] It is generally preferable to be able to detect and treat a seizure at or near its beginning, 
or even before it begins. The beginning of a seizure is referred to herein as an "onset." 
However, it is important to note that there are two general varieties of seizure onsets. A "clinical 
onset" represents the beginning of a seizure as manifested through observable clinical symptoms, 
such as involuntary muscle movements or neurophysiological effects such as lack of 
responsiveness. An "electrographic onset" refers to the beginning of detectable electrographic 
activity indicative of a seizure. An electrographic onset will frequently occur before the 
corresponding clinical onset, enabling intervention before the patient suffers symptoms, but that 
is not always the case. In addition, there are changes in the EEG that occur seconds or even 
minutes before the electrographic onset that can be identified and used to facilitate intervention 
before electrographic or clinical onsets occur. This capability would be considered seizure 
prediction^ in contrast to the detection of a seizure or its onset. 

[0015] Much of the work on seizure detection has focused on the analysis of EEG signals. 
See, e.g., J. Gotman, Automatic seizure detection: improvements and evaluation, 
Electroencephalogr. Clin. Neurophysiol. 1990; 76(4): 317-24. In a typical time-domain 
detection system, EEG signals are received by one or more electrodes and then processed by a 
control module, which then is capable of performing an action (intervention, warning, recording, 
etc.) when an abnormal event is detected. 

[0016] In the Gotman system, EEG waveforms are filtered and decomposed into features 
representing characteristics of interest in the waveforms. One such feature is characterized by 
the regular occurrence (i.e., density) of half-waves exceeding a threshold amplitude occurring in 
a specified frequency band between approximately 3 Hz and 20 Hz, especially in comparison to 
backgroimd (non-ictal) activity. When such half-waves are detected, it is believed that seizure 
activity is occurring. For related approaches, see also H. Qu and J. Gotman, A seizure warning 
system for long term epilepsy monitoring, Neurology 1995; 45: 2250-4; and H. Qu and J. 
Gotman, A Patient-Specific Algorithm for the Detection of Seizure Onset in Long-Term EEG 
Monitoring: Possible Use as a Warning Device, IEEE Trans. Biomed. Eng. 1997; 44(2): 115-22. 
See also U.S. Patent No. 6,016,449 to Fischell et al. and U.S. AppHcation No. 09/896,092, filed 
on June 28, 2001. 
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[0017] The known approaches to epileptic seizure detection do provide useful information, 
and in some cases may provide sufficient information for accurate detection and prediction of 
most imminent epileptic seizures. It is generally difficult, however, to achieve a high rate of 
success without extensively tuning or calibrating the detection algorithms. Moreover, even when 
a detection algorithm is believed to be well tuned, it may be subject to detection errors. 
[0018] Two types of detection errors are generally possible. A false positive, as the term is 
used herein, refers to a detection of a seizure or onset when no clinical seizure is actually 
occurring or about to occur. Similarly, a false negative herein refers to the failure to detect a 
seizure or onset when a clinical seizure actually is occurring or shortly will occur. 
[0019] In most cases, with all known implementations of the known approaches to detecting 
abnormal seizure activity solely by monitoring and analyzing EEG activity, when a seizure 
detection algorithm is tuned to catch all seizures, there will be a significant number of false 
positives. 

[0020] It has been suggested that it is possible to treat and terminate seizures by applying 
electrical stimulation to the brain. See^ e.g., U.S. Patent No. 6,016,449 to Fischell et al., H.R. 
Wagner, et al., Suppression of cortical epileptiform activity by generalized and localized ECoG 
desynchronization, Electroencephalogr. Clin. Neurophysiol. 1975; 39(5): 499-506; and R.P. 
Lesser et al.. Brief bursts of pulse stimulation terminate afterdischarges caused by cortical 
stimulation, Neurology 1999; 53(December): 2073-81. And as stated above, it is believed to be 
beneficial to perform this stimulation only when a seizure (or other undesired neurological event) 
is occurring or about to occur, as inappropriate stimulation may result in the initiation of 
seizures. While it is currently believed that there are minimal or no side effects to over-treatment 
via electrical stimulation (e.g., providing stimulation sufficient to terminate a seizure in response 
to a false positive), the possibility of accidentally initiating a seizure, causing motor or sensory 
effects,. or increasing the patient's susceptibility to seizures must be considered. 
[0021] Furthermore, it should be noted that a false negative (that is, a seizure that occurs 
without any waming or treatment fi*om the device) will often cause the patient significant 
discomfort and detriment. Clearly, false negatives are to be avoided. 

[0022] Accordingly, to facilitate tuning or calibrating a device capable of detecting and 
treating epileptic seizures, there is a need to be able to set detection parameters for a variety of 
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detection algorithms based on data received by an implantable neurostimulator. A system and 
method capable of performing such an action would set and refine parameters to achieve a 
clinically acceptable detection rate (number of actual seizures caught in comparison to number of 
actual seizures missed, or false negatives), a clinically acceptable false positive rate (number of 
seizures incorrectly identified), and clinically acceptable detecfion delays. 
[0023] Fischell et al, in U.S. Patent No. 6,128,538 (referenced above), describes an 
implantable neurostimulator for responsive treatment of neurological disorders. The Fischell 
invention further describes the neurostimulator having a seizure detection subsystem and a data 
recording subsystem capable of recording EEG signals and transferring the stored EEG signals to 
extemal equipment. In U.S. Patent Application Serial No. 09/517,797, filed on March 2, 2000 
and entitled ^'Neurological Event Detection Using Processed Display Channel Based Algorithms 
and Devices Incorporating These Procedures," which is hereby incorporated by reference as 
though set forth in full herein, Fischell and Harwood describe a system for selecting and 
combining EEG channels with one or more seizure detection algorithms to detect seizures. 
[0024] In U.S. Patent Application Serial No. 09/556,415, filed on April 21, 2000 and entitled 
"System for the Creation of Patient Specific Templates for Epileptiform Activity Detection", D. 
Fischell and J. Harwood also describe an iterative technique for allowing simultaneous display of 
annotated seizure records and an automated system for processing the records to produce a 
seizure detector template - namely a set of patient-specific detection or prediction parameters. 
However, the technique disclosed is not adapted for use with multiple short EEG records 
uploaded fi^om an implantable device with limited storage capacity. Also Fischell and Harwood 
do not describe a means for choosing which template is preferred fi*om a plurality of templates, 
and do not address template development or optimization with regard to any neurological event 
other than seizure onsets. 

[0025] Neither U.S. Patent Application Serial No. 09/556,415 nor U.S. Patent No. 6,128,538 
(both of which are referenced above) specifically addresses a system for optimizing seizure 
detector parameter settings through processing EEG data recorded by an implantable 
neurostimulator. 
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[0026] The present invention is an epileptiform activity patient template development system 
that allows the physician to efficiently develop an optimized set of patient-specific parameters 
for one or more epileptiform activity detection algorithms. The term "template" is used herein to 
refer to a set of patient-specific detection parameters developed by a system or method according 
to the invention. Such a template once created can be downloaded into an implantable device for 
the detection of neurological events. The epileptiform activity patient template development 
system utilizes, in one embodiment, a programmer apparatus, which is a computer progranmied 
to receive EEG records fi-om an implantable device, generate and verify a patient-specific event 
detection template, and transmit the template back to the implantable device. It may also run in 
^ conjunction with an EEG monitoring and analysis system such as the Physician's Workstation 
^ (PWS) described by Fischell et al. in U.S. Patent Number 6,016,449. A preferred 
\j implementation of such a workstation would be able to interactively conmiimicate with a 
™ neurostimulator through its data communication subsystem, in a manner similar to that described 
m by Fischell et al in U.S. Patent No. 6,01 6,449. 

s 

1^ [0027] In many patients, magnetic resonance imaging (MRI), single photon emission 
Q computed tomography (SPECT), and other non-invasive imaging systems have been used to 

fU successfiiUy localize the focus of the neurological disorder such as the epileptogenic focus in a 

b 

^ patient with epilepsy. In other patients, the focus can be identified fi-om the clinical 
manifestations of the patient's seizures, fi:om scalp EEG measurements, and fi-om intracranial 
EEG or ECoG measurements. In either case, without long term invasive mapping procedures, it 
may be desirable to implant the neurostimulator with multiple electrodes in the general areas of 
interest. After implant there would be some short testing either in the operating room or during 
the subsequent hospital stay, primarily for patient recovery and for verification and adjustment of 
device operation, and also to collect EEG data for use according to the invention. Additionally, 
during the post-operative testing, stimulation could be applied to attempt to induce epileptiform 
activity. These EEG patterns will be captured by the neurostimulator and uploaded to the 
programmer. Alternatively, or in addition, it is possible to transfer EEG data fi"om a traditional 
EEG recording device or workstation to the programmer, if such recordings were made using 
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implanted electrodes (although some data preprocessing may be necessary to do so). Baseline 
EEG information may be transmitted from the implanted neurostimulator at any time to provide 
examples of the patient's EEG during sleep and awake states. 

[0028] An initial detection template that is extremely sensitive to induced epileptiform activity 
events may then be developed and downloaded to the neurostimulator. Alternatively, a default 
detection algorithm that is designed to be very sensitive (but not very specific) across a 
population of patients may be used. In either case, the patient would then be sent home with the 
sensitive neurological event detector enabled, but with responsive stimulation disabled. In this 
mode, the neurostimulator will act as an EEG data collector to save each event detected 
including the EEG data from a time typically 120 seconds before the detection (also known as 
"pretrigger"). See also, e.g., U.S. Patent No. 6,128,538. To allow a reasonable number of events 
to be recorded, total time allocated for each detection should be between 45 seconds and 300 
seconds (5 minutes), i.e. 15 seconds to 150 seconds (lYi minutes) following detection plus 30 to 
150 seconds before the detection. It should be noted, however, that the amoimt of time allocated 
to recording an event may be dependent in part on the type of event sought to be captured. 
Because the optimal electrode would not yet be known, the initial recordings would generally be 
multi-channel in order to identify the electrode pair from which the earliest indication of 
epileptiform activity can be detected or predicted. 

[0029] In those cases where the patient or a caregiver observes that a seizure has taken place, 
it would be possible to save as much as, or more than, the previous 600 seconds (10 minutes) of 
data by use of a patient initiating device as described in U.S. Patent No. 6,128,538. Once one or 
more clinical seizures have occurred, the data would be uploaded to the neurostimulator 
programmer. The data upload may take place either directly from the neurostimulator to the 
programmer if the patient visits the clinician, or the data may be uploaded via telephone lines or 
in a wireless manner either to a database that can communicate with the clinician's programmer 
or directly to the programmer. The uploaded data will allow selection of a desirable and useful 
electrode pair or pairs for detection of epileptiform activity. The patient and/or the patient's 
caregiver is instructed to maintain a seizure log of when observed seizures occur. Diagnostic 
counters in the device keep track of the time of the triggers that resulted in the storage of the 
EEG records. As is well documented, seizure logs are not completely accurate and it is not 
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uncommon for as many as half of the seizures that a patient actually experiences to be omitted 
from the patient's log. However, with the assistance of information in a seizure log, real seizures 
may be identified by comparing the time at which an EEG record was stored with an entry in the 
patient's seizure log. The clinician then annotates the onsets, electrographic seizures, and the 
false positives appropriately for the detection parameter optimization algorithms to operate on. 
Additional EEG records, baseline or otherwise, may be stored at any time using either a real-time 
EEG telemetry capability in the implanted neurostimulator, a patient initiating device, or by 
using the programmer to trigger the storage of an EEG record. The more baseline data that is 
available, the better the performance of the detector can be expected to be. Accordingly, it is 
important to collect baseline data during alert, drowsy, and sleeping states. Also, analysis of the 
data using a modification of the automated template creation system described by Fischell and 
Harwood in Application No. 09/556,415, referenced above, would allow refinement of the "in- 
seizure" detector and creation of a template for the seizure precursor or seizure onset that detects 
the earliest unique waveform indicative of a coming clinical seizure for each patient. 
[0030] In one manner of operation, the clinician operates on the stored and uploaded data in 
the programmer to arrive at detection parameters based on the stored EEG records. In another 
manner of operation, the EEG records may be stored in the programmer, but are also uploaded to 
a centralized database. The database may automatically analyze the data, or a person with 
clinical skill may analyze the data. In either case, the patient's clinician may be provided with 
the identified detection parameters, preferably via a computer network (e.g., an intranet or the 
Internet) or some other digital data link. If the database approach is used, the seizure log 
information is preferably uploaded to the database with the EEG records by having the 
conmiunication be performed through a personal digital assistant (PDA) such as a Palm Pilot® or 
other portable computer. The PDA can then be used to store and transfer the seizure log 
information (as well as quality of life, or QOL, information). 

[0031] The new detector parameters (derived from the stored EEG records containing at least 
one example of a seizure) would then be downloaded to the neurostimulator. The patient would 
then begin the second phase of seizure data collection with a reduced nimiber of electrode pairs 
being used for data collection (typically only one or two). This will allow more EEG records to 
be stored in the neurostimulator. With the use of the patient initiating device to store an EEG, 
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few seizures will be missed. If the device has already detected and initiated storage of the 

seizure EEG, then the patient command will be saved in memory but not executed. 

[0032] After a period of time during which there have been one or more clinical seizures, the 

data will once more be uploaded from the neurostimulator to the programmer (or database) for 

analysis. Using the multiple EEG records from this phase and previous phases, the onset and in- 

seizure detector parameters can further be refined to ignore any of the "false positive" detections 

that were captured but were not, in fact, related to an electrographic or clinical seizure. The 

revised set of onset, electrographic seizure, and other event detection parameters and the choice 

of the desired electrode pairs are then downloaded to the neurostimulator. 

[0033] Additional phases like the second phase above may be then initiated to confirm and/or 

further refine the accuracy of the new detectors if needed. 

[0034] While one embodiment of the invention is adapted to detect (and optimize the detection 
of) seizure and onset events, it should also be noted that it is also possible and desirable to 
perform prediction, or the identification of a high likelihood of a clinical seizure based on the 
detection of particular electrographic patterns before any identifiable specific onset or seizure 
activity. This can be accomplished by analyzing EEG records occurring before seizures with one 
or more detection algorithms to identify waveform characteristics of interest. 
[0035] When the physician is confident of the sensitivity and specificity of the detector(s) 
and/or a waiting period has concluded, the stimulation subsystem of the neurostimulator can be 
enabled so that the next detected onset, electrographic seizure, predicted seizure, or other event 
will produce a responsive stimulation to previously selected electrodes. 

[0036] In the final revision of detector parameters, all previous phase seizure and baseline data 
that were uploaded to the progranmier and/or database may be used in a simulation to verify the 
performance of the detectors. A detector like the one described by Fischell and Harwood in 
Application No. 09/517,797, referenced above, could be suitable for this purpose. Even during 
the stimulation phase, combined use of onset and in-seizure detectors as described by Fischell 
and Harwood will identify an electrographic seizure where the precursor (onset) is missed. 
Uploads of the stored EEG records from these events will allow the physician to update the onset 
detection template as needed. If the responsive stimulation is ineffective following an accurate 
onset or in-seizure detection, then the stored EEG will help the physician to know what happened 
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and allow the physician to adjust the stimulation parameters to be more effective. The amount of 
EEG data stored may be different for an onset detector in comparison to an in-seizure detector. 
For example, more data from before a detection should generally be stored if a seizure is 
detected by the in-seizure detector. This is because an in-seizure detector will generally be 
triggered some time after a seizure onset has already passed, and to enable capturing a sufficient 
amount of pre-onset EEG data, the amount of data stored from before the in-seizure detector 
triggered should be relatively increased. 

[0037] Ongoing storage of correctly detected epileptiform activity and false positives allows 
for ongoing refinement of the onset and seizure detectors. Furthermore, if the patient's medical 
condition changes, the stored EEGs allow for rapid adjustment of the detectors to suit the 
patient's changing condition. 

[0038] Another aspect of the present invention is to save EEG data when a seizure is 
recognized by the patient or the patient's caregiver. For example, if during treatment with the 
stimulator enabled, the seizure detection is missed and a clinical seizure occurs, the patient or the 
patient's caregiver can use the patient initiating device to tell the neurostimulator to save the 
TiJ preceding X seconds of EEG data so that the physician can adjust the seizure detector template to 
^ avoid missing fixture seizures or seizure onsets. The value of ^ can be set by the physician using 
^ the system programmer to be between 30 seconds and 1,800 seconds (30 minutes). If seizure 
fj prediction algorithms are being used, a longer storage time may be desirable. If the onset occurs 
p in the 30 seconds before clinical seizure, then a shorter period of time is acceptable. 

[0039] In Application No. 09/556,415, Fischell and Harwood describe an iterative technique 
for automated template development for a seizure detector. That technique contemplates having 
hours of data without seizure activity to act as a baseline to test for false positive detections. The 
present invention envisions creating a baseline data set from multiple relatively short EEG 
records recorded by the implanted neurostimulator. In addition, as described above, Fischell and 
Harwood do not describe a means for choosing a preferred template from a pluraUty of 
templates. 

[0040] The present invention in one embodiment uses selectable criteria to search and sort the 
possible detection templates, allowing the user some choice among advantageous templates. In 
one embodiment of the invention, only those templates with no false positive detections are 



11 



Docket No. N02-01 



tss Mail No. ET608981376US 
October 12, 2001 



available for use (as long as at least one such template has been found), and the template choices 
are sorted on the basis of average latency to detection. 

[0041] The present invention alternatively envisions user choice from a range of potentially 
useful templates where disallowing false positives while risking missing a real seizure (most 
restrictive, i.e. highly specific, but not very sensitive) is at one end of the range, and allowing 
false positives but never missing a real seizure (least restrictive, i.e. highly sensitive, but not very 
specific) is at the other. In terms of the automated template development software used on the 
limited quantity of data collected by the neurostimulator, a number of sets of parameters may be 
able to accurately find all the seizures with no false positives. The most restrictive parameters 
will typically result in the fewest number of detections of a pattem representing each seizure. 
The least restrictive will typically have many detections of the desired waveform pattem. The 
ideal settings are generally neither the most restrictive nor the least restrictive, but are in between 
those limits, e.g. a template that provides the best specificity and sensitivity, and the shortest 
latency to detection of each seizure. 

[0042] Additionally, the programmer may generate additional data from the data sets uploaded 
from the implanted neurostimulator. The stored EEGs of known seizures (as annotated by the 
clinician) can be sUghtly modified to make new data sets. Useful modifications include varying 
the amplitude by typically 20%, changing the "playback speed" by typically 10%, adding a 
random noise signal having an energy content of typically 20% of the data set, or a combination 
of these and similar modifications. The result is a much larger dataset including these data 
surrogates, facilitating the generation of a set of detection parameters that maintains high 
sensitivity, but is more specific than a set of detection parameters generated from the one or few 
real seizures recorded. 

[0043] Noise is another confounding signal that may adversely affect the efficacy of automatic 
epileptiform activity detection. Rather than wait for the patient to experience noise, it is 
anticipated that stereotypical noise records may be included in the training set of data to arrive at 
detection parameters that are capable of discriminating noise from neurological events. Typical 
sources of electrographic noise include cellular telephones, fluorescent and other gas discharge 
lighting, welders, electric motors, RF amplifiers, electronic thefl detectors, and AC power lines. 
Stored EEG records generated in controlled environments, or recorded by a different patient, 
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may be added to a patient's data set of stored EEGs to improve the detection parameters, or 
simulated noise signals may be superimposed onto the patient's stored EEG records prior to or 
during template generation. 

[0044] The choice as to how restrictive the detector template should be must be based on the 
physician's estimate of how likely it is that a stimulation caused by a false positive will induce a 
seizure or other undesired side effect. Fortunately, this can be tested by programmer 
conmianded stimulation during implantation or at any time after implantation. If the proposed 
stimulation does not induce epileptiform activity or cause sensory or motor effects, then a less 
restrictive setting for the detection template may be used. 

[0045] Once the responsive stimulator is enabled, the patient or the patient's caregiver should 
use the initiating device to signal the neurostimulator any time an actual seizure occurs or has 
occurred. In theory, if the seizure resulted from either a false positive having been stimulated (a 
stimulation induced seizure) or because the detector failed to identify the onset and the seizure, 
the EEG data stored will capture any changes in the patient's epileptiform activity to allow 
modification of the seizure detector template. However, it should be noted that if a detection 
causes stimulation to occur and epileptiform activity occurs thereafter, it may be difficult to 
determine whether the original detection was a false positive (with the epileptiform activity 
initiated by the stimulation) or a correct positive (with the epileptiform activity arising out of the 
detected onset). This kind of situation is best identified in a monitoring and detection context 
with stimulation disabled. If the electrographic seizure was properly detected but the stimulation 
failed to stop it, changes may be made in the stimulation parameters to attempt to stop fiiture 
seizures with greater efficacy. 

[0046] It should be noted that a single patient may present with multiple onset and/or seizure 
types, as well as multiple seizure foci. In any of these cases, the clinician may elect to sort the 
onsets and/or seizures into self-similar groups, annotate them as separate types of events using 
the programmer, and derive detection parameters separately for each group. Data from different 
seizure foci may also be handled separately. Likewise, detection parameters may be derived 
specifically to detect certain types of noise to reduce the probability of false positives caused by 
the noise. 



13 



Docket No. N02-01 




iss Mail No. ET608981376US 



October 12. 2001 



[0047] Certain aspects of the present invention are envisioned as residing as software, 
firmware, or other code in the programmer (or physician's workstation) for the neurostimulator, 
and in the database as described above. 

[0048] As used herein, it should be noted that the terms "detection parameters" and "template" 
are used interchangeably; a template as used in a system according to the invention would be 
considered a set of detection parameters. Similarly, as set forth above, the terms "EEC" and 
"ECoG" are both used to refer to electrographic activity measured from the patient's brain, and 
are used interchangeably herein. 

[0049] Thus, it is an object of this invention to provide a highly sensitive epileptiform activity 
detection template to capture EEG records with an implantable device, where such EEG records 
represent electrographic seizures, false positive detections, and normal baseline data not causing 
false positives, providing a basis for deriving patient-specific epileptiform activity detection 
parameters. 

[0050] Another object of this invention is to provide a set of patient-specific epileptiform 
detection parameters (a "template") by automatically processing stored EEG records containing 
epileptiform and non-epileptiform events. 

[0051] Another object of this invention is to provide for associating stored EEG records with 
clinical seizures identified by the patient or caregiver (typically in a seizure log, either in written 
form or created in a PDA or some other means of collecting data suitable for transmission to a 
database). 

[0052] Another object of this invention is to utilize a centralized database system to transfer 
EEG records fi'om one or more programmers to the database, and fi-om the database to the 
programmers. The centralized database system may also transfer onset and seizure detection 
parameters to the database and to the programmers. The centralized database system may also 
receive seizure log information to correlate with stored EEG records and QOL information. 
[0053] Another object of this invention is to use data generation techniques to generate 
additional EEG records firom a smaller number of actual EEG records stored. 
[0054] Another object of this invention is to provide to the template development system 
artificial or transformed EEG data representative of EEG records containing noise fi^om various 
types of noise sources. 
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[0055] Another object of this invention is to provide an epileptiform activity patient template 
development system that can simultaneously provide for the analysis of, and ultimately analyze a 
multiplicity of EEG records stored by an implantable neurostimulator. 

[0056] Another object of this invention is to provide a template creation system that can 
simultaneously display a multiplicity of stored EEG records from one or more uploads from an 
implantable neurostimulator. 

[0057] Still another object of the present invention is to provide the capability to annotate 
electrographic onsets, seizures and/or other events within the multiplicity of EEG records. 
[0058] Still another object of this invention is to provide an automated system to process the 
multiplicity of EEG records to identify sets of seizure detector parameters that detect every true 
clinical seizure or onset to every true clinical seizure with no false positive detections within the 
multiplicity of EEG records. 

[0059] Still another object of the present invention is to provide a ranking of seizure parameter 
templates from those found to have no false negatives and no false positives on the limited set of 
EEG records analyzed. 

[0060] Still another object of the present invention is to have the ranking based on the number 
of detected onset or seizure waveforms within a preset time from the annotated onset or seizure 
start. 

[0061] Still another object of the present invention is to have the ranking based on the average 
time from the annotated onset or seizure start to the first detection of the onset or seizure 
waveform pattern. 

[0062] Yet another object of the present invention is to have the ranking based on a 
physician's input of how restrictive the onset and/or seizure detector should be. 
[0063] Yet another object of the present invention is to have a method for iteratively 
processing multiple stored EEG records from an implantable neurostimulator to refine the 
seizure detector template. 

[0064] Yet another object of the present invention is to have the neurostimulator store a longer 
EEG record when activated with a patient initiating device to indicate a clinical seizure has 
occurred. 
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[0065] Yet another object of the present invention is to have the neurostimulator store basehne 
EEG records for false positive testing by the template development system. 
[0066] Yet another object is to have a neurostimulator system optimized for the detection of 
seizures, seizure onsets, seizure precursors, events predictive of seizures, other neurological 
events of interest, and noise. 

[0067] These and other objects and advantages of this invention will become apparent to a 
person of ordinary skill in this art upon careful reading of the detailed description of this 
invention including the drawings as presented herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0068] These and other objects, features, and advantages of the invention will become 
apparent from the detailed description below and the accompanying drawings, in which: 
[0069] FIGURE 1 is a block diagram of an implantable neurostimulator for responsive 
treatment of neurological disorders; 

[0070] FIGURE 2 is a block diagram of an implantable neurostimulator system used in 
conjunction with external equipment; 

[0071] FIGURE 3 is a block diagram of a programmer for use in an implantable 
neurostimulator system and for creating patient-specific templates according to the invention; 
[0072] FIGURE 4 is a flow chart showing a method for collecting patient EEG records with an 
implantable neurostimulator according to the invention; 

[0073] FIGURE 5 is a flow chart illustrating a method according to the invention for 
transferring EEG records to a programmer and deriving a patient-specific template from the 
records; 

[0074] FIGURE 6 is a multi-channel EEG screen showing five ninety-second EEG records 
containing epileptiform activity as recorded by an implantable neurostimulator and displayed by 
a programmer according to the invention; 

[0075] FIGURE 7 shows stored EEG baseline records collected at preset times by an 
implantable neurostimulator according to the invention; 
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[0076] FIGURE 8 is a flow chart illustrating the creation of a seizure data set according to the 
invention; 

[0077] FIGURE 9 is a flow chart illustrating the automated template development process 
used with EEG records captured by an implantable neurostimulator according to the invention; 
[0078] FIGURE 10 illustrates an exemplary EEG waveform and a set of correct and false 
event detections according to the invention; and 

[0079] FIGURE 11 is a flow chart illustrating the computation of a detector performance 
metric for use by a programmer according to the invention. 

DETAILED DESCRIPTION OF THE INVENTION 



^ [0080] The invention is described below, with reference to detailed illustrative embodiments. 
It will be apparent that a system according to the invention may be embodied in a wide variety of 
forms. Consequently, the specific structural and functional details disclosed herein are 



it? 



O representative and do not limit the scope of the invention. 

m 

fy [0081] FIGURE 1 depicts a schematic block diagram of a neurostimulator system according to 
^ ^ the invention, including an implantable neurostimulator 110, which in one embodiment is a small 
0 self-contained responsive neurostimulator that is intracranially implanted. As the term is used 
I herein, a responsive neurostimulator is a device capable of detecting ictal activity (or other 
neurological events) and providing electrical stimulation to neural tissue in response to that 
activity, where the electrical stimulation is specifically intended to terminate the ictal activity, 
treat a neurological event, prevent an imwanted neurological event fi-om occurring, or lessen the 
severity or fi-equency of certain symptoms of a neurological disorder. As disclosed herein, the 
responsive neurostimulator detects ictal activity by systems and methods according to the 
invention and according to patient-specific templates as disclosed herein. 
[0082] It should be recognized that the embodiment of the device described and illustrated 
herein is preferably a responsive neurostimulator for detecting and treating epilepsy by detecting 
seizure precursors and preventing and/or terminating epileptic seizures. 

[0083] In an altemative embodiment of the invention, the device is not a responsive 
neurostimulator, but is an apparatus capable of detecting neurological conditions and events and 
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performing actions in response thereto. The actions performed by such an embodiment of the 
device need not be therapeutic, but may involve data recording or transmission, providing 
warnings to the patient, or any of a number of known aUemative actions. Such a device will 
typically act as a diagnostic device when interfaced with external equipment, as will be discussed 
in further detail below. 

[0084] FIG. 1 is an overall block diagram of the implantable neurostimulator 110 used for 
measurement, detection, and treatment according to the invention. Inside the housing of the 
neurostimulator 110 are several subsystems making up the device. The implantable 
neurostimulator 110 is capable of being coupled to a plurality of electrodes 112, 114, 116, and 
118 (each of which may be individually or together connected to the implantable neurostimulator 
110 via one or more leads) for sensing and stimulation. In the illustrated embodiment, the 
coupling is accomplished through a lead connector. Although four electrodes are shown in 
FIG. 1, it should be recognized that any number is possible, and in the embodiment described in 
detail below, eight electrodes are used. In fact, it is possible to employ an embodiment of the 
invention that uses a single lead with at least two electrodes, or two leads each with a single 
electrode (or with a second electrode provided by a conductive exterior portion of the housing in 
one embodiment), although bipolar sensing between two closely spaced electrodes on a lead is 
preferred to minimize common mode signals including noise. 

[0085] The electrodes 112-118 are in contact with the patient's brain or are otherwise 
advantageously located to receive EEG signals or provide electrical stimulation. Each of the 
electrodes 112-118 is also electrically coupled to an electrode interface 120. Preferably, the 
electrode interface is capable of selecting each electrode as required for sensing and stimulation; 
accordingly the electrode interface is coupled to a detection subsystem 122 and a stimulation 
subsystem 124. The electrode interface is also may provide any other features, capabilities, or 
aspects, including but not limited to amplification, isolation, and charge-balancing functions, that 
are required for a proper interface with neurological tissue and not provided by any other 
subsystem of the device 110. 

[0086] The detection subsystem 122 includes and serves primarily as an EEG waveform 
analyzer; detection is accomplished in conjunction with a central processing xmit (CPU) 128. 
The EEG waveform analyzer function is adapted to receive EEG signals firom the electrodes 112- 
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118, through the electrode interface 120, and to process those EEG signals to identify 
neurological activity indicative of a seizure or a precursor to a seizure. One way to implement 
such EEG analysis functionality is disclosed in detail in U.S. Patent No. 6,016,449 to Fischell et 
al., incorporated by reference above. Additional inventive methods are described in U.S. Patent 
Application Serial No. 09/896,092 to Pless et al., filed on June 28, 2001 and entitled "SEIZURE 
SENSING AND DETECTION USING AN IMPLANTABLE DEVICE," of which details will 
be set forth below. The detection subsystem may optionally also contain further sensing and 
detection capabilities, including but not limited to parameters derived from other physiological 
conditions (such as electrophysiological parameters, temperature, blood pressure, etc.). In 
general, prior to analysis, the detection subsystem performs amplification, analog to digital 
conversion, and multiplexing functions on the signals in the sensing channels received from the 
electrodes 112-118. 

[0087] The stimulation subsystem 124 is capable of applying electrical stimulation to 
neurological tissue through the electrodes 112-118. This can be accompHshed in any of a 
number of different manners. For example, it may be advantageous in some circumstances to 
provide stimulation in the form of a substantially continuous stream of pulses, or on a scheduled 
basis. Preferably, therapeutic stimulation is provided in response to abnormal events detected by 
the EEG analyzer function of the detection subsystem 122. As illustrated in FIG. 1, the 
stimulation subsystem 124 and the EEG analyzer function of the detection subsystem 122 are in 
communication; this facilitates the ability of stimulation subsystem 124 to provide responsive 
stimulation as well as an ability of the detection subsystem 122 to blank the ampHfiers while 
stimulation is being performed to minimize stimulation artifacts. It is contemplated that the 
parameters of the stimulation signal (e.g., frequency, duration, waveform) provided by the 
stimulation subsystem 124 would be specified by other subsystems in the implantable 
neurostimulator 1 10, as will be described in further detail below. 

[0088] In accordance with the invention, the stimulation subsystem 124 may also provide for 
other types of stimulation, besides electrical stimulation described above. In particular, in certain 
circumstances, it may be advantageous to provide audio, visual, or tactile signals to the patient, 
to provide somatosensory electrical stimulation to locations other than the brain, or to deliver a 
drug or other therapeutic agent (either alone or in conjunction with stimulation). 



19 



Docket No. N02-01 




^ss Mail No. ET608981376US 



October 12, 2001 



[0089] Also in the implantable neurostimulator 110 is a memory subsystem 126 and the CPU 
128, which can take the fomi of a microcontroller. The memory subsystem is coupled to the 
detection subsystem 122 (e.g., for receiving and storing data representative of sensed EEG 
signals and evoked responses), the stimulation subsystem 124 (e.g., for providing stimulation 
waveform parameters to the stimulation subsystem), and the CPU 128, which can control the 
operation of the memory subsystem 126. In addition to the memory subsystem 126, the CPU 
128 is also connected to the detection subsystem 122 and the stimulation subsystem 124 for 
direct control of those subsystems. 

[0090] Also provided in the implantable neurostimulator 110, and coupled to the memory 
subsystem 126 and the CPU 128, is a communication subsystem 130. The communication 
subsystem 130 enables communication between the device 110 and the outside world, 
particularly an external programmer and a patient initiating device, both of which will be 
described below with reference to FIG. 2. As set. forth above, the disclosed embodiment of the 
communication subsystem 130 includes a telemetry coil (which may be situated outside of the 
housing of the implantable neurostimulator 110) enabling transmission and reception of signals, 
to or from an external apparatus, via inductive coupling. Altemative embodiments of the 
communication subsystem 130 could use an antenna for an RF link or an audio transducer for an 
audio link. Preferably, the communication subsystem 130 also includes a GMR (giant 
magnetoresistive effect) sensor to enable receiving simple signals (namely the placement and 
removal of a magnet) from a patient initiating device; this capability can be used to initiate EEG 
recording as will be described in further detail below. 

[0091] If the stimulation subsystem 124 includes the audio capability set forth above, it may 
be advantageous for the communication subsystem 130 to cause the audio signal to be generated 
by the stimulation subsystem 124 upon receipt of an appropriate indication from the patient 
initiating device (e.g., the magnet used to communicate with the GMR sensor of the 
communication subsystem 130), thereby confirming to the patient or caregiver that an EEG 
record will be stored. 

[0092] Rounding out the subsystems in the implantable neurostimulator 110 are a power 
supply 132 and a clock supply 134. The power supply 132 supplies the voltages and currents 
necessary for each of the other subsystems. The clock supply 134 supplies substantially all of 



20 



Docket No. N02-01 UTess Mail No. ET608981376US 

October 12. 2001 



the other subsystems with any clock and timing signals necessary for their operation, including a 
real-time clock signal to coordinate programmed and scheduled actions. 

[0093] It should be observed that while the memory subsystem 126 is illustrated in FIG. 1 as a 
separate functional subsystem, the other subsystems may also require various amounts of 
memory to perform the functions described above and others. Furthermore, while the 
implantable neurostimulator 110 is preferably a single physical unit (i.e., a control module) 
contained within a single implantable physical enclosure, namely the housing described above, 
other embodiments of the invention might be configured differently. The neurostimulator 110 
may be provided as an external unit not adapted for implantation, or it may comprise a plurality 
of spatially separate units each performing a subset of the capabilities described above, some or 
all of which might be external devices not suitable for implantation. Also, it should be noted that 
the various functions and capabilities of the subsystems described above may be performed by 
electronic hardware, computer software (or firmware), or a combination thereof The division of 
work between the CPU 128 and the other functional subsystems may also vary - the functional 
distinctions illustrated in FIG. 1 may not reflect the integration of functions in a real-world 

n 

IJ system or method according to the invention. 

^ [0094] As stated above, and as illustrated in FIGURE 2, a neurostimulator according to the 
invention operates in conjunction with external equipment. The implantable neurostimulator 110 
is mostly autonomous (particularly when performing its usual sensing, detection, and stimulation 
^rj capabilities), but preferably includes a selectable part-time wireless link 210 to extemal 
equipment such as a programmer 212. In the disclosed embodiment of the invention, the 
wireless link 210 is established by moving a wand (or other apparatus) having communication 
capabilities and coupled to the programmer 212 into communication range of the implantable 
neurostimulator 110. The programmer 212 can then be used to manually control the operation of 
the device, as well as to transmit information to or receive information from the implantable 
neurostimulator 110. Several specific capabilities and operations performed by the programmer 
212 in conjunction with the device will be described in further detail below. 
[0095] The programmer 212 is capable of performing a number of advantageous operations in 
connection with the invention. In particular, the programmer 212 is able to specify and set 
variable parameters in the implantable neurostimulator 1 10 to adapt the function of the device to 
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meet the patient's needs, upload or receive data (including but not limited to stored EEG 
waveforms, parameters, or logs of actions taken) from the implantable neurostimulator 1 10 to the 
programmer 212, download or transmit program code and other information from the 
programmer 212 to the implantable neurostimulator 110, or command the implantable 
neurostimulator 110 to perform specific actions or change modes as desired by a physician 
operating the programmer 212. To facilitate these fimctions, the programmer 212 is adapted to 
receive clinician input 214 and provide clinician output 216; data is transmitted between the 
programmer 212 and the implantable neurostimulator 110 over the wireless link 210. 
[0096] The programmer 212 may be used at a location remote from the implantable 
neurostimulator 1 10 if the wireless link 210 is enabled to transmit data over long distances. For 
example, the wireless link 210 may be established by a short-distance first link between the 
implantable neurostimulator 110 and a transceiver, with the transceiver enabled to relay 
communications over long distances to a remote programmer 212, either wirelessly (for example, 
over a wireless computer network) or via a wired communications link (such as a telephonic 
circuit or a computer network). 

[0097] The programmer 212 may also be coupled via a communication link 218 to a network 
220 such as the Internet. This allows any information uploaded from the implantable 
neurostimulator 110, as well as any program code or other information to be downloaded to the 
implantable neurostimulator 110, to be stored in a database 222 at one or more data repository 
locations (which may include various servers and network-connected progranuners like the 
programmer 212). This would allow a patient (and the patient's physician) to have access to 
important data, including past treatment information and software updates, essentially anywhere 
in the world that there is a progranmier (like the programmer 212) and a network connection. 
Alternatively, the programmer 212 may be connected to the database 222 over a trans-telephonic 
link. 

[0098] In yet another altemative embodiment of the invention, the wireless link 210 from the 
implantable neurostimulator 110 may enable a transfer of data from the neurostimulator 110 to 
the database 222 without any involvement by the programmer 212. In this embodiment, as with 
others, the wireless link 210 may be established by a short-distance first link between the 
implantable neurostimulator 110 and a transceiver, with the transceiver enabled to relay 
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communications over long distances to the database 222, either wirelessly (for example, over a 
wireless computer network) or via a wired communications link (such as trans-telephonically 
over a telephonic circuit, or over a computer network). 

[0099] ha the disclosed embodiment, the implantable neurostimulator 110 is also adapted to 
receive communications from an initiating device 224, typically controlled by the patient or a 
caregiver. Accordingly, patient input 226 from the initiating device 224 is transmitted over a 
wireless link to the implantable neurostimulator 110; such patient input 226 may be used to 
cause the implantable neurostimulator 110 to switch modes (on to off and vice versa, for 
example) or perform an action (e.g., store a record of EEG data). Preferably, the initiating 
device 224 is able to communicate with the implantable neurostimulator 110 through the 
commimication subsystem 130 (FIG. 1), and possibly in the same manner the programmer 212 
O does. The link may be unidirectional (as with the magnet and OMR sensor described above), 
ay allowing commands to be passed in a single direction from the initiating device 224 to the 
j implantable neurostimulator 110, but in an alternative embodiment of the invention is bi- 

□ directional, allowing status and data to be passed back to the initiating device 224. Accordingly, 

y I 

pj the initiating device 224 may be a programmable PDA or other hand-held computing device, 
f such as a Palm Pilot® or PocketPC®. However, a simple form of initiating device 224 may take 
O the form of a permanent magnet, if the communication subsystem 130 is adapted to identify 

magnetic fields and interruptions therein as communication signals, 
p [0100] The implantable neurostimulator 110 (FIG. 1) generally interacts with the programmer 
212 (FIG. 2) as described below. Data stored in the memory subsystem 126 can be retrieved by 
the patient's physician through the wireless commimication link 210, which operates through the 
commimication subsystem 130 of the implantable neurostimulator 110. In connection with the 
invention, a software operating program run by the programmer 212 allows the physician to read 
out a history of events detected including EEG information before, during, and after each event, 
as well as specific information relating to the detection of each event (such as, in one 
embodiment, the time-evolving energy spectrum of the patient's EEG). The programmer 212 
also allows the physician to specify or alter any programmable parameters of the implantable 
neurostimulator 110. The software operating program also includes tools for the analysis and 
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processing of recorded EEG records to assist the physician in developing optimized seizure 
detection parameters for each specific patient. 

[0101] In an embodiment of the invention, the programmer 212 is primarily a commercially 
available PC, laptop computer, or workstation having a CPU, keyboard, mouse and display, and 
running a standard operating system such as Microsoft Windows®, Linux®, Unix®, or Apple Mac 
OS®. It is also envisioned that a dedicated programmer apparatus with a custom software 
package (which may not use a standard operating system) could be developed. 
[0102] When running the computer workstation software operating program, the programmer 
212 can process, store, play back and display on the display the patient's EEG signals, as 
previously stored by the implantable neurostimulator 110 of the implantable neurostimulator 
device. 

[0103] The computer workstation software operating program also has the capability to 
simulate the detection and prediction of epileptiform activity. Included in the capability to 
simulate detection of epileptiform activity, the software operating program of the present 
invention has the capability to allow a clinician to create or modify a patient-specific collection 
of information comprising, in one embodiment, algorithms and algorithm parameters for 
epileptiform activity detection. The patient-specific collection of detection algorithms and 
parameters used for neurological activity detection according to the invention will be referred to 
herein as a detection template or patient-specific template. The patient-specific template, in 
conjunction with other information and parameters generally transferred fi-om the programmer to 
the implanted device (such as stimulation parameters, time schedules, and other patient-specific 
information), make up a set of operational parameters for the neurostimulator. 
[0104] Following the development of a patient specific template on the workstation 212, the 
patient-specific template would be downloaded through the communications link 210 fi-om the 
programmer 212 to the implantable neurostimulator 110. 

[0105] The patient-specific template is used by the detection subsystem 122 and the CPU 128 
of the implantable neurostimulator 110 to detect epileptiform activity in the patient's EEG 
signals, which can be progranuned by a clinician to result in responsive stimulation of the 
patient's brain, as well as the storage of EEG records before and after the detection, facilitating 
later clinician review. 
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[0106] Preferably, the database 222 is adapted to communicate over the network 220 with 
multiple programmers, including the programmer 212 and additional programmers 228, 230, and 
232. It is contemplated that programmers will be located at various medical facilities and 
physicians' offices at widely distributed locations. Accordingly, if more than one programmer 
has been used to upload EEG records from a patient's implantable neurostimulator 110, the EEG 
records will be aggregated via the database 222 and available thereafter to any of the 
programmers connected to the network 220, including the programmer 212. 
[0107] FIGURE 3 illustrates the functional architecture of the programmer 212, including 
modules of its operating program. As used herein, the term "module" may refer to a unit of 
software, firmware, or other computer code that carries out a specific fimction; a code module 
may include processes, subroutines, libraries and other modules. However, it should be noted 
Q that the fimctional distinctions illustrated in FIG. 3 are not necessarily representative of separate 
^ code modules, and are set forth as shovm to indicate the separate fimctions required of the 

"-4 



programmer 212. 



U [0108] EEG data fi-om the implantable neurostimulator 110 (FIG. 1) is received by the 

m 

pj programmer 212 (FIG. 2) via a neurostimulator communications module 310 and transferred to a 
^ programmer storage unit 312 for analysis and for optional eventual long-term storage in the EEG 
record database 222 (FIG. 2). The programmer interfaces with the database 222 via a database 
interface 314, which provides the fiinctionality of the data link 218. 

[0109] A graphical user interface (GUI) 316 provides user control of the programmer sofl^vare 
program through menus and toolbars shovra on a display portion of an input/output unit 318 and 
selected with a keyboard and/or a pointing device such as a mouse or trackball. The GUI 316 
provides menus, dialog boxes, tool bars, and the like to control the various components of the 
progranmier 212 and the software program. An operating system 320 performs various tasks 
necessary operation of the programmer, and establishes the available fimctions and elements of 
the GUI 316. 

[0110] The programmer 212 is designed to analyze and process EEG data that has been 
transferred firom the implantable neurostimulator 110 (FIG. 1) and stored in the programmer 
storage unit 312. In addition, stored EEG data files stored in the EEG database 222 (FIG. 2) may 
come fi'om a separate EEG data acquisition system (not shown) that may include data collected 
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during the initial diagnosis of the patient. Further stored EEG data files may come from other 
sources, including EEG data records transmitted telephonically or wirelessly, either directly from 
the implantable device 10 or indirectly through a PDA or other patient-controlled apparatus, to 
the database 222, thereby avoiding the programmer 212. The database unit 222 may then 
transmit the EEG data records to the programmer 312 as necessary or desired. 
[0111] Once a collection of EEG data having one or more instances of epileptiform activity 
has been placed in the programmer storage unit 312 for a specific patient, a template 
development module 322 can be run in combination with the EEG data display (FIG. 6, below) 
to annotate epileptiform activity records in the patient files and develop a patient specific seizure 
detection template. An EEG signal processor module 324 may be used to pre-process the EEG 
data to enhance its suitability for event detection; exemplary schemes for accomplishing this are 
described in Fischell and Harwood, U.S. Patent Application No. 09/556,415, referenced above. 
[0112] The template development module 322 of the programmer 212 has, in particular, two 
capabilities: to analyze EEG records stored in the programmer storage unit 312 and identify 
preferred parameters using an optimization module 326, and to confirm the suitability of the 
preferred parameters on stored or new EEG records using a simulation module 328. The 
fiinctions of the optimization module 326 and the simulation module 328 will be described in 
further detail below. 

[0113] While certain of the fimctional components are illustrated in FIG. 3 as communicating 
with or through the operating system 320 and the GUI 316, it should be noted that depending on 
the implementation, as a matter of routine implementation choice, some, none, or all fimctional 
modules of the programmer 212 or its operating software program may operate in this manner. 
[0114] FIGURE 4 is a flow chart illustrating an embodiment of a method according to the 
invention for collecting patient EEG records. Within the present inventive method, the act of 
storing an EEG record in the neurostimulator memory (step 410) is initiated by an event that may 
include one of the following: 

1. The event detection subsystem 122 and the CPU 128 (FIG. 1) detect a 
neurological event (step 412); 

2. The patient detects an aura or some other sensation indicating a neurological 
event is imminent and transmits an "aura detected" command (step 414) to the 
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implantable neurostimulator 110 (FIG. 1) from the patient's initiating device 224 
(FIG. 2); 

3. A clinical event (such as an epileptic seizure) occurs and the patient or caregiver 
sends an "event has occurred" command (step 416) to the neurostimulator 110 
from the patient initiating device 224 or the programmer 212 (FIG. 2) or 

4. The physician wishes to store baseline EEG records at pre-programmed or 
varying arbitrary times (step 41 8). 

[0115] In each case, the implantable neurostimulator 110 of the implantable system will store 
in memory an EEG record for a time of X seconds before the event and Y seconds after the event. 
It should be noted that X and Y might vary for each case. For example, a command based on a 
seizure that has already occurred should not need much of a record after the event (i.e. 7 = 0 or 
Q small), but may prompt a longer A" time than a command based on detection or prediction of the 
hO precursor, onset, or aura before a seizure. However, and preferably for simplicity of 
ji implementation, each type of event triggering storage of an EEG record may be caused to have 
P the same pre-trigger recording time (X), 

ry [0116] Accordingly, preferably, a system according to the invention will continuously buffer 
at least X seconds of EEG data, thereby allowing the previous X seconds to be saved when an 

P event, as defined above and illustrated in FIG. 4, occurs. 

[0117] In the disclosed embodiment of the invention, EEG records are stored by the 

fj neurostimulator 110 after they have been pre-processed by a sensing front end stage of the 
neurostimulator 110. Such pre-processing may include one or more stages of amplification, 
filtering, and other waveform processing (either in the analog or digital domain) intended to 
improve detection performance in a system according to the invention. In an altemative 
embodiment of the invention, EEG records are stored without any significant alteration or pre- 
processing, thereby allowing the programmer 212 to optimize pre-processing parameters, such as 
filter types and cutoff frequencies (and other filter parameters), amplifier gain settings, and the 
like. The use of EEG records that have not been pre-processed will be described in fiirther detail 
below. 

[0118] The operations performed by a system according to the invention in uploading EEG 
records from the implantable neurostimulator 110 (FIG. 1) to the programmer 212 (FIG. 2), 
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processing the records to develop an optimized event detection template, and downloading the 
event detection template back to the implantable neurostimulator 110 are illustrated in 



[0119] When appropriate (e.g., when commanded by the patient's initiating device 224 or the 
programmer 212, both illustrated in FIG. 2), the EEG data records will be uploaded (step 510) 
through the neurostimulator communications module 310 to the programmer 212. As described 
above, if not all necessary EEG records are stored within the implantable neurostimulator 110 or 
the programmer 212, the uploading process (step 510) may also cause additional available EEG 
records to be downloaded or otherwise retrieved from the database 222. 

[0120] Using the programmer 212 in conjunction with its software operating program, the 
physician or EEG technician reviews all the EEG records, annotating actual seizures or other 
neurological events of interest (based on observation of the EEG signals or on clinical 
observation of the patient) (step 512). Once the events have been annotated, the software 
operating program is used to process the data, per the user's choice (step 514) either 
automatically (step 516) or manually (step 518) to develop a preferred event detection template 
for the patient. Manual template development is accomplished simply by providing an 
opportunity for the user to input parameter values. In an alternative embodiment of the 
invention, the manual template development process may be assisted with heuristic estimates or 
other automatically generated suggested parameter values. The automatic template development 
process will be described in fixrther detail below and in connection with FIG. 9. 
[0121] In one embodiment of the invention, it is possible to modify the EEG records to reflect 
electromagnetic noise conditions that may be experienced by the patient; such noise conditions 
may complicate event discrimination. As will be described in detail below with reference to 
FIGURE 8, prior to performing either the automatic or the manual template development 
methods according to the invention (steps 516 and 518), it may be desirable to either add noisy 
baseline records to the set of EEG records being analyzed, or ahematively, to alter existing EEG 
records by superimposing stereotypical noise waveforms thereon. Performing these operations 
may cause the number of EEG records to be analyzed to proliferate significantly; however, the 
detection parameters obtained upon such EEG record modification are likely to be more robust 
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and have an enhanced abihty to discriminate between noise and other electrographic waveforms 
of interest, specifically the events sought to be detected. 

[0122] After a template development process has been performed, the user is able to display 
the results (step 520). The results display can be presented to the user in any of several possible 
ways, such as a simple textual list of the parameters of the template or a graphical representation 
of the parameters. The user need not view the parameters, but a cursory review may serve as 
confirmation that the parameters chosen are within a reasonable range. 

[0123] After displaying the results of the template development process (step 520), it is 
possible, in a preferred embodiment of the invention, to simulate the detection capability of the 
implantable neurostimulator 1 10 (step 522) by commanding the programmer 212 to perform the 
selected detection algorithm(s) on the EEG data records (either those records used to produce the 
template, a subset of those records, new data obtained fi-om the implantable neurostimulator 110 

'43 

or elsewhere, or a combination of the records used to produce the template and new data) and 



summarizing the results to the user. As described above, this simulation procedure may be 
performed with a template developed by the manual template development process (step 518) or 
the automatic template development process (step 516), or with detection parameters obtained 
elsewhere (e.g., uploaded fi-om the implantable neurostimulator 1 10). 

[0124] Once the results of either the manual or automatic template development process are 
displayed and simulated (steps 520-522), the physician can evaluate the results (in connection 
with criteria that will be described in detail below) and decide whether to keep the template (step 
524). If not, either the automatic or manual template development process can be repeated. If 
the clinician does choose to keep the patient-specific event detection template generated as 
described herein, the template is stored (step 526) and downloaded to the implantable 
neurostimulator 110 (step 528) via the link 210 (FIG. 2). 

[0125] While the operations illustrated in FIG. 5 are preferably performed largely by the 
programmer 212 (FIG. 2), it should be noted that, as described above, certain aspects of the 
invention allow EEG data records to be stored remotely in the database 222. Accordingly, it is 
possible for many of the data analysis operations performed by an embodiment of the invention 
to also be performed remotely on the data stored in the database, with essentially only the 
communications and programming capabilities resident in the programmer 212. The desired 
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system architecture would be a matter of design choice, and aspects of both versions may be 
employed in a given embodiment. For example, if data has been uploaded directly to the 
database 222, it may be advantageous to perform a number of operations at the database level, 
while if data is uploaded to the programmer 212, it may be advantageous to have the 
programmer 212 perform the bulk of the processing specified by the invention. 
[0126] A primary use for the centralized database 222 is to ensure that all EEG records 
necessary for an individual patient are available regardless of how many progranmiers uploaded 
the EEG records from the implantable neurostimulator 110. For example, a patient may spend 
time in two or more different geographic locations, and without the database 222, programmers 
at the multiple locations may each have an incomplete set of uploaded EEG records. However, if 
all EEG data is routinely uploaded from programmers to the database 222, then the database 222 
can download all relevant EEG records to any given programmer, thereby providing the best 
selection of EEG records for determining detection parameters according to the invention. 
Ahematively, since all EEG data would available in the database 222, a patient's detection 
parameters may be found by using the database 222 directly instead of a programmer according 
to the invention. 

[0127] Before either the automatic or manual template development processes (steps 516 and 
518, FIG. 5) can be run, each EEG record containing seizure activity uploaded by the 
programmer 212 should be annotated to indicate the boundaries of the type of electrographic 
seizure activity sought to be detected. FIGURE 6 represents an exemplary display screen 610 as 
it would appear after starts and ends of each seizure have been annotated using the software 
operating program. The screen 610 shows the inserted comment "Seizure Start" 612 located just 
before epileptiform activity appears on each of the EEG records 616 through 624, and the 
comment "Seizure End" 614 as epileptiform activity terminates. The end of seizure activity is 
visible only in records 616, 622, and 624, and not in records 618 and 620. It should be noted, 
however, that in a preferred embodiment of the invention the screen 610 (or each of the records 
616-624) can be scrolled to allow the complete record to be viewed. 

[0128] Each of the segments 616-624 bears a corresponding label 628-636 indicating the time 
and date at which the segment was recorded. This information may be usefiil to the reviewing 
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clinician, and may indicate observable trends in event types or morphologies over time or at 
different times of day. 

[0129] In an alternative embodiment of the invention, there is no need to annotate seizure 
ends. As will be discussed in further detail below, one important detection quality criterion is 
whether detection occurs near enough to an annotated seizure start. Accordingly, detection 
events that occur long after an annotated seizure start may not be generally indicative of a 
successful detection, and may in some cases increase the possibility of false positives. However, 
and preferably, it is possible to annotate seizure ends in the disclosed embodiment of the 
invention, and this is particularly important when stored EEG records contain both seizure 
activity and normal EEG activity (e.g., when an EEG record is appreciably longer than a 
seizure). This will enable enhanced discrimination by a system according to the invention 
between epileptiform EEG activity and baseline, or substantially normal, EEG activity. 
[0130] In a presently preferred embodiment of the invention, it is also possible to annotate 
types of events other than seizures. For example, it may be possible to annotate one or more 
types of seizures, one or more different onset pattems, one or more different precursor patterns 
(for prediction), and sleep spindles (a normal EEG pattem observed only during sleep), to 
facilitate the detection of (or the avoidance of detection of, in the case of normal pattems such as 
sleep spindles) other EEG waveform pattems of interest, including noise. For the purposes of 
the disclosure herein, seizure annotation, detection, and optimization (and in particular, three 
specific algorithms for detecting seizures) are described in detail, but other electrographic 
pattems may be annotated, detected, and optimized in an analogous manner. 
[0131] The seizure and other annotations according to the invention may be made initially by 
the clinician based on a visual review of EEG data, or may come indirectly from a patient's 
seizure log or other time-stamped record of clinical symptoms (such as a video seizure monitor). 
A seizure log stored on a PDA or other computing apparatus may be uploaded to the programmer 
212 (or to the database 222) to provide rough or initial seizure annotations, which may then be 
adjusted as desired by the clinician. 

[0132] To optimize epileptiform activity detection according to the present invention, the 
programmer user should also select at least one EEG channel or combination of EEG channels to 
use for epileptiform activity detection. In U.S. Patent Application No. 09/517,797, referenced 
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above, Fischell and Harwood describe a method for selecting a single EEG channel or 
combination of EEG channels to use for epileptiform activity detection as a processed display 
channel (PDC). Fischell and Harwood also envision the use of multiple PDCs with detection 
based on logical operations between valid detections on each PDC. 

[0133] Considering the EEG traces of FIG. 6, the choice of a single channel to use for 
template development may be readily apparent to a practitioner skilled in EEG analysis. 
Specifically, in the first EEG record 616, the first channel (indicated by the first label "1") shows 
an early onset 626 of epileptiform activity. In the illustrated example, and generally, the first 
channel in each segment contains data received fi*om a single electrode or combination of 
electrodes, and appears to provide a relatively early indication of seizure activity in each 
illustrated segment. Accordingly, the first channel would be one acceptable choice as the 
channel to be analyzed by a system according to the invention. 

[0134] Once all the identified electrographic seizures have been annotated in the existing 
stored EEG data records 616-624 (fi-om the programmer storage unit 312, FIG. 3) as shown in 
FIG. 6, the seizure data is ready to be processed into an event data set. The event data set is 
defined as the patient-specific collection of EEG records comprising the multiplicity of annotated 
events, in the illustrated case seizures, for that patient. It should be noted that template 
development according to the invention is preferably an ongoing process, and as such, it is 
desirable to periodically increase the extent of the event data set upon the collection of additional 
data, thereby allowing "retraining." As input evaluation and annotation continues according to 
the invention, each stored EEG record for a patient is reviewed, and the events are annotated and 
added to the event data set. Data fi-om unused chaimels can be discarded. When the last EEG 
data record has been thus processed, the process performed by the template development module 
322 (FIG. 3) is started. 

[0135] Once the event data set has been created, two different procedures are set forth below 
for producing a patient-specific detection template. These are the automatic and manual 
procedures illustrated in FIG. 5 (steps 516 and 518). One version of these techniques for use 
with long EEG files is disclosed in D. Fischell and J. Harwood, U.S. Patent Application No. 
09/556,415, referenced above. However, the methods for producing patient-specific templates 
according to the invention described herein differ in several significant ways from the Fischell 
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and Harwood methods. At the outset, the present invention differs from the previous Fischell 
and Harwood apphcation by using only short EEG records such as those shown in FIG. 6, where 
some of the records are designated as baseline EEG activity. 

[0136] Baseline activity includes those EEG records that do not represent any seizure or other 
ictal activity. It is envisioned that at least some of the baseline activity may be collected either 
by physician-initiated (or patient-initiated) requests for data recording transmitted to the 
implantable neurostimulator 110 (FIG. 1), by periodic recordings made by the implantable 
neurostimulator 110 at preset times or at random intervals, or as a result of false positive 
detections causing the storage of an EEG record. For examples of data collection strategies, see 
the description of FIG. 4 above. 

[0137] FIGURE 7 shows an exemplary programmer display screen 710 showing six EEG 
records 712 through 722, labeled with corresponding labels 724 through 734, recorded at preset 
times by the implantable neurostimulator 110 and uploaded to the programmer 212 through the 
neurostimulator' s data communication subsystem 130 (FIG. 1) and the programmer's 
neurostimulator communications module 310 (FIG. 3). There are no seizures to be annotated in 
this data, but it generally desirable to have the clinician review the records to look for any 
possible seizure- hke activity missed by the event detection subsystem 122 (FIG. 1). Unlike 
FIG. 6, which shows EEG data from four electrodes for each recorded record, the baseline record 
recordings of FIG. 7 are for a single electrode channel each. This has the advantage of allowing 
four times the number of records to be stored in the same memory and is an important feature of 
the present invention. It is also envisioned that different electrodes could be used for each 
baseline record, or that under certain circumstances, all channels or a subset of the channels may 
be recorded, depending on desired aspects of the operating program of the implantable 
neurostimulator 110 (e.g., the particular triggers or times EEG records are being made). 
[0138] It is also envisioned that baseline recordings could be initiated through specific or 
generic waveform detection templates that operate with or without the seizure detection 
templates developed according to the invention. These could be used to capture EEG records of 
interest to the treating physician such as sleep spindles or other imusual brain activity. 
[0139] In a preferred embodiment of the invention, capturing baseline EEG records according 
to the scheme described above is not the most significant source of baseline data. Primarily, the 
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implantable neurostimulator 110 (FIG. 1) is capable of transmitting multiple channels of sensed 
EEG signals to the programmer 212 (FIG. 2) in real time, enabling the capture of baseline 
records to be performed by the programmer 212 based on data constantly or intermittently being 
received from the neurostimulator 110. In this manner, the treating physician or other user has 
greater control over the signals that are captured and used as baseline, and contemporaneous 
clinical observations can be made to ensure that the patient is not experiencing a clinical seizure 
that is not clearly manifested in any of the channels being captured. The user should ensure that 
the signals captured are representative of a spectrum of possible baseline signals, including those 
from when the patient is asleep, awake, physically active, mentally concentrating, or in any other 
clinically relevant condition. Also, in an alternative embodiment, baseline records can be 
retrieved from the database 222 or obtained from another source, such as a special-purpose EEG 
recording apparatus. 

[0140] Referring now to FIGURE 8, after all electrographic events have been annotated (step 
810) and a channel has been selected for analysis (step 812), as illustrated in FIG. 6 and 
described above, and after the event data set has been identified (step 814) and sufficient basehne 
data has been collected and verified (step 816), as illustrated in FIG. 7 and described above, a 
system according to the invention is ready to produce a patient-specific event detection template. 
[0141] Optionally, if the user chooses to generate artificial data (step 818), the programmer 
may generate additional data by transforming the seizure-containing (or other event-containing) 
and baseline records uploaded from the implanted neurostimulator or obtained elsewhere (step 
820). In accordance with this embodiment of the invention, the EEG records corresponding to 
known seizures (as annotated by the clinician) can be slightly modified to make new data sets. 
[0142] Usefiil modifications include varying the amplitude by up to about 20%, changing the 
"playback speed" by up to about 10%, adding a random in-band noise signal having an energy 
content of up to about 20% of the data set, or a combination of these and similar modifications. 
It should be noted that the variation percentages set forth above are guidelines only, and it may 
be advantageous in certain circumstances to have altemative settings. The result is a much larger 
dataset (including both event-containing and baseline records) that facilitates generation of a set 
of detection parameters that maintains high sensitivity, but is possibly more specific than a set of 
detection parameters generated from the one or few real seizures recorded. Typically, manual 
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annotations need not be made to artificial data generated as described above, as previous 
annotations in the original (untransformed) records will generally correspond to the desired 
annotation points in the artificial data records, and a system according to the invention would be 
capable of applying the existing annotations to the newly generated artificial data records. 
[0143] As described above, environmental noise is a confounding signal that may adversely 
affect the performance of a neurological event detector according to the invention. Rather than 
wait for the patient to experience noise, it is anticipated that stereotypical noise records may be 
included in the training set of data to arrive at detection parameters that are capable of 
discriminating noise fi'om neurological events. Typical sources of electrographic noise include 
cellular telephones, fluorescent and other gas discharge lighting, welders, electric motors, RF 
amplifiers, electronic theft detectors, and AC power lines. Stored noise-containing 
electrographic records generated in controlled environments, or recorded by a different patient, 
may be added to a patient's data set of stored EEGs to improve the detection parameters, or 
simulated noise signals may be superimposed onto the patient's stored EEG records (both event- 
containing and baseline). As with the artificial data described- above, the addition of noise 
typically will not affect existing annotations, and a system according to the invention is capable 
of transferring annotations into new records containing noise superimposed upon real EEG data. 
[0144] Once any desired artificial data records have been generated as described above, they 
are added to the existing event-containing and baseline data sets (step 822), and the template 
generation process described herein operates on the artificial data records in conjunction with the 
original data records with no distinction between the two. 

[0145] The automatic process for producing a patient-specific event detection template (step 
516, FIG. 5) according to the invention is described in detail with reference to FIGURE 9. As 
described in U.S. Patent Application Serial No. 09/896,092, referenced above, a responsive 
neurostimulator according to the invention is capable of using three different analysis tools in 
various combinations, namely a half wave analysis tool, a line length analysis tool, and an area 
analysis tool. 

[0146] A neurostimulator system according to the invention receives EEG data, pre-processes 
it, digitizes it, and stores it in segments as generally described above. Each of the analysis tools 
described below operates on records of digitized EEG data recorded by the implantable 
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neurostimulator 110 (or obtained from some other source, such as a special-purpose EEG 
recorder) that have been uploaded to the programmer 212. 

[0147] The half wave analysis tool measures characteristics of an EEG signal related to the 
signal's frequency and amplitude components. In general terms, a half wave is an interval 
between a local waveform minimum and a local waveform maximum; each time a signal 
"changes directions" (from increasing to decreasing, or vice versa), with an allowance for a 
programmable hysteresis value (and subject to limitations that will be set forth in fiirther detail 
below), a new half wave is identified. 

[0148] The identification of half waves having specific amplitude and duration criteria allows 
some frequency-driven characteristics of the EEG signal to be considered and analyzed without 
the need for computationally intensive transformations of normally time-domain EEG signals 
^ into the frequency domain. Specifically, the half wave feature extraction capability of the 
iO invention identifies those half waves in the input signal having a duration that exceeds a 
J1 minimum duration criterion and an amplitude that exceeds a minimum amplitude criterion. The 
number of half waves in a time window meeting those criteria is somewhat representative of the 
amount of energy in a waveform at a frequency below the frequency corresponding to the 
minimum duration criterion. And the number of half waves in a time window is constrained 
O somewhat by the duration of each half wave (i.e., if the half waves in a time window have 
pj particularly long durations, relatively fewer of them will fit into the time window), that number 
p is highest when a dominant waveform frequency most closely matches the frequency 
corresponding to the minimimi duration criterion. 

[0149] Accordingly, the number of qualified half waves (i.e., half waves meeting both the 
diu-ation criterion and the amplitude criterion) within a limited time period is a quantity of 
interest, as it may be representative of neurological events manifested in the specified frequency 
range corresponding to the half wave criteria. 

[0150] It should be observed that signal processing according to the invention, in both the 
implantable neurostimulator 110 (FIG. 1) and in the programmer 212 (FIG. 2), is generally 
performed on the basis of "processing windows," which are discrete consecutive segments of 
EEG data, preferably 128 or 256 milliseconds in length. Although detection performed by the 
implantable neurostimulator 110 must be accomplished in real time, no such limitation exists for 
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the programmer 212 when performing the template development operations performed herein. 
Whether analysis is performed in real time or not, at the end of each processing window, EEG 
data in that processing window is analyzed as described herein. This is primarily done to allow 
processing to be performed by the implantable neurostimulator 1 10 on an interrupt-driven basis, 
so that the CPU 128 is active only when there is EEG data to be analyzed; the programmer 212 
operates similarly to ensure that template development and simulation results will correspond 
closely to what the implantable neurostimulator 1 10 is able to achieve. 

[0151] In the illustrated embodiment of the invention, there are two levels of half wave 
analysis. For the first level, five parameters are available to select the waveform template 
parameters, i.e. the parameters that specify what types of half waves the detector in the 
implantable neurostimulator 110 and the programmer 212 will identify. In the disclosed 
embodiment of the invention, the available waveform template parameters for the half wave 
detector algorithm are minimum peak-to-peak voltage (in microvolts), minimum wave duration 
(in milliseconds), hysteresis value, the desired number of waves, and the total duration (in 
milliseconds). At the end of each processing window, half waves meeting the minimum peak-to- 
peak voltage and minimum wave duration criteria are identified and queued. If there have been 
at least the desired number of waves in the preceding total duration, then the half wave analysis 
tool indicates a successfiil first-level detection. 

[0152] For the second level of analysis, two parameters are available to fiirther select the 
combinations of half wave characteristics within an EEG record that will lead to a detection. 
Those parameters are an analysis window size (in terms of processing windows) and an analysis 
window count. These parameters implement an "X of Y criterion,'* which in effect measures the 
density of first-level detections. Specifically, a second-level detection is made if and only if 
there are at least a certain number of first-level detections ('%" the analysis window count) in 
the prior period of processing windows (*T," the analysis window size). 

[0153] Consequently, second- level detections can be made once every processing window, but 
generally reflect information obtained fi-om one or more additional previous processing windows 
(as in a "sliding window" scheme). In accordance with the invention, second-level half wave 
detections may be selectively inverted (so that a failure to have the criteria met causes a detection 
to be made, instead of the default), and may have persistence applied (so that a single detection 
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has a continuing effect for one or more processing windows in the future). Inversion and 
persistence are described in greater detail in U.S. Patent Application Serial No. 09/896,092, 
referenced above. 

[0154] The line length analysis tool is a simplification of waveform fractal dimension, 
allowing a consideration of how much variation an EEG signal undergoes. Accordingly, the line 
length analysis tool according to the invention enables the calculation of a "line length" for an 
EEG signal within a time window. Specifically, the line length of a digital signal represents an 
accumulation of the sample-to-sample amplitude variation in the EEG signal within a time 
window. Stated another way, the line length is representative of the variability of the input 
signal. A constant input signal will have a line length approaching zero (representative of 
substantially no variation in the signal amplitude), while an input signal that oscillates between 
extrema from sample to sample will approach the maximum line length. It should be noted that 
while "line length" has a mathematical-world analogue in measuring the vector distance traveled 
in a graph of the input signal, the concept of line length as treated herein disregards the 
horizontal (X) axis in such a situation. The horizontal axis herein is representative of time, 
which is not combinable in any meaningful way in accordance with the invention with 
information relating to the vertical (Y) axis, generally representative of amplitude, and which in 
any event would contribute nothing of interest. 

[0155] The line length analysis tool according to the invention has a single level of analysis. 
Six parameters are available: line length window size (in multiples of the processing window 
size), line length threshold type (percentage or fixed offset), line length threshold value 
(depending on the type), line length trend sample count, line length trend window size (in 
multiples of the processing window size), and line length trend sample interval (in large 
multiples of the processing window size). In an altemative embodiment of the invention, also 
present (and available to be optimized upon) are one or more parameters representative of a 
desired non-linear transformation to be performed on each sample value before the accumulated 
line length is calculated. For example, it may be advantageous in certain circumstances to 
calculate the difference between adjacent samples using the squares of the sample values, or to 
calculate the square of the difference between sample values, or both. It is contemplated that 
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other transformations (such as square root, exponentiation, logarithm, and other nonhnear 
functions) might also be advantageous in certain circumstances. 

[0156] At the end of each processing window, accumulated line length is added to a running 
line length total representing the line length of a window having a duration equal to the line 
length window size. This running line length total is compared to a threshold obtained from a 
line length trend. If the line length threshold type is a percentage, then the threshold value is a 
percentage of the trend (either above or below 100%). If the line length threshold type is a fixed 
offset, then the threshold value is an arithmetic offset to the trend (either positive or negative). 
[0157] The line length trend is calculated as a relatively long-term average of observed line 
lengths. The trend is recalculated regularly and periodically, after each recurring line length trend 
sample interval passes. Each time the line length trend interval passes, the line length trend is 
calculated or updated. In a presently preferred embodiment of the invention, this is 
accomplished by calculating a normalized moving average of several (the line length trend 
sample count) trend samples, each of which represents a nimiber (the line length trend window 
size) of consecutive processing windows of line lengths. 

[0158] At the end of each processing window, the running line length total (described above) 
is compared to the trend-based threshold (also described above), and if the total exceeds the 
threshold, a successful line length detection has been made. As with the half wave analysis tool, 
line length detections can be made once every processing window, but generally reflect 
information obtained from one or more additional previous processing windows (as in a "sliding 
window" scheme). In accordance with the invention, line length detections may be selectively 
inverted (so that a failure to have the criteria met causes a detection to be made, instead of the 
default), and may have persistence applied (so that a single detection has a continuing effect for 
one or more processing windows in the future). 

[0159] The area analysis tool is a simplification of waveform energy. Accordingly, the area 
analysis tool according to the invention enables the calculation of the area tmder the EEG 
waveform curve within a time window. Specifically, the accumulated energy is calculated as an 
aggregation of the EEC's signal total deviation from zero over the time window, whether 
positive or negative. The mathematical-world analogue for accumulated energy is the 
mathematical integral of the absolute value of the EEG function (as both positive and negative 



39 



Docket No. N02-01 




iress Mail No. ET608981376US 



October 12, 2001 



n 



s 



signals contribute to positive energy). Once again, the horizontal axis (time) makes no 
contribution to the area under the curve as treated herein. Accordingly, an input signal that 
remains around zero will have a small area, while an input signal that remains around the most- 
positive or most-negative values (or oscillates between those values) will have a high area. 
[0160] The area analysis tool according to the invention has a single level of analysis. Six 
parameters are available (they are essentially equivalent to the parameters used by the line length 
analysis tool): area window size (in multiples of the processing window size), area threshold type 
(percentage or fixed offset), area threshold value (depending on the type), area trend sample 
count, area trend window size (in multiples of the processing window size), and area trend 
sample interval (in large multiples of the processing window size). In an alternative embodiment 
of the invention, also present (and available to be optimized upon) are one or more parameters 
representative of a desired non-linear transformation to be performed on each sample value 
before the accumulated area is calculated. For example, it may be advantageous in certain 
circumstances to calculate the square of the current sample rather than its absolute value. The 
result of such a transformation by squaring each sample will generally be more representative of 
signal energy, though it is contemplated that other transformations (such as square root, 
exponentiation, logarithm, and other nonlinear functions) might also be advantageous in certain 
circumstances. 

[0161] At the end of each processing window, accumulated area is added to a running area 
total representing the area of a window having a duration equal to the area window size. This 
running area total is compared to a threshold obtained from an area trend. If the area threshold 
type is a percentage, then the threshold value is a percentage of the trend (either above or below 
100%). If the area threshold type is a fixed offset, then the threshold value is an arithmetic offset 
to the trend (either positive or negative). 

[0162] The area trend is calculated as a relatively long-term average of observed areas. The 
trend is recalculated regularly and periodically, after each recurring area trend sample interval 
passes. Each time the area trend interval passes, the area trend is calculated or updated. In a 
presently preferred embodiment of the invention, this is accomplished by calculating a 
normalized moving average of several (the area trend sample count) trend samples, each of 
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which represents a number (the area trend window size) of consecutive processing windows of 
areas. 

[0163] At the end of each processing window, the running area total (described above) is 
compared to the trend-based threshold (also described above), and if the total exceeds the 
threshold, a successful area detection has been made. As with the half wave and line length 
analysis tools, area detections can be made once every processing window, but generally reflect 
information obtained from one or more additional previous processing windows (as in a "sliding 
window" scheme), hi accordance with the invention, area detections may be selectively inverted 
(so that a failure to have the criteria met causes a detection to be made, instead of the default), 
and may have persistence applied (so that a single detection has a continuing effect for one or 
more processing windows in the future). 

[0164] Where a detector threshold is based upon trends, contexts, or other dynamic attributes 
of EEG signals, there are several possibilities for ensuring that such attributes are preserved in 
^1 EEG records for use by a programmer 212 (FIG. 2) according to the invention. Preferably, to 

0 avoid the need to store further information with EEG records, any trends used in connection with 

HI 

py the invention (in an implantable device or a programmer 212) should be short enough to allow 

^ trends to fully develop in the portion of a stored EEG record that occurs before an event sought 

Q to be detected; a sufficient amount of pre-trigger information should be captured to enable this. 

It 

nj Altematively, raw or calculated window-based trend data may be stored in connection with each 
P EEG record, thereby allowing the progranmier 212 to access such data even in the context of 
isolated EEG records. It may also be possible to truncate, sub-sample, or simulate trends using 
baseline data to predict what a trend may be. There are other possibilities that will be apparent 
upon consideration. 

[0165] The optimization of the above-described analysis tool parameters will be described 
with reference to the search strategy illustrated in FIG. 9. In a presently contemplated 
embodiment of the invention, each of the analysis tools described above is optimized 
independently and separately, without consideration of detection persistence (although it is 
possible, and in some circumstances might be desirable, to consider persistence at the same 
time). The parameters for each analysis tool are then combined into an overall parameter set 
accounting for all three analysis tools by optimizing them together (e.g., performing a greedy 
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line search on all tools simultaneously, using each tool's detection persistence as the variable 
parameters in the search). Finally, the preferred subset of detection tools is identified by testing 
the performance of all tool subsets exhaustively. Alternatively, all of the parameters for all of 
the analysis tools, including persistence and inversion, may be treated as a single large parameter 
set, upon which the method of FIG. 9 may operate. 

[0166] Furthermore, if there are multiple types of events to be optimized upon (e.g., multiple 
types of seizures, multiple types of onsets, etc.), each type of event calls for a separate and 
independent parameter set, and the procedure illustrated in FIG. 9 should be performed once for 
each event type. The implantable neurostimulator 110 has multiple parallel sets of analysis tools, 
and one set of analysis tool can be used for each desired event type. 

[0167] The process of FIG. 9 begins by loading the stored parameter set (step 910) with values 
that would not achieve successful detection results (i.e., unusually high numbers and thresholds). 
Criteria for determining whether a detection result is "successful," and specifically several 
components that are combined into a performance metric, are described below in connection 
with FIGS. 10-11. The stored parameter set generally takes the form of a data structure that 
ultimately can be downloaded to and used by the implantable neurostimulator 110, though it 
should be noted that a translation step can alternatively be performed later to convert the stored 
parameter set into data recognizable by the neurostimulator 110. The user, typically a clinician, 
has an opportunity to set termination criteria (step 912), to specify how certain a parameter set 
must be before the method of FIG. 9 may terminate (e.g., one or more convergence bounds or a 
limit on permitted iterations). The user may also select various weights for the various 
components of the performance metric at this stage. 

[0168] An initial parameter set is then selected (step 914). For some parameters, such as 
minimum peak-to-peak voltage, minimum wave duration, and others, initial parameters may be 
derived by heuristic analysis of annotated event records - e.g., slightly more than the average 
wave characteristics during annotated seizures. For other parameters, such as half wave analysis 
window size, line length window size, and others, initial parameters may be derived from pre- 
programmed values expected to provide advantageous results - e.g., a line length window size of 
thirty-two processing windows may be a useful starting point. Alternatively, all parameters may 
be initially selected from pre-programmed defaults. 
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[0169] The first parameter in the parameter set is then selected (step 916); this parameter will 
be varied in subsequent steps to determine its best value. The selected parameter is set to its 
minimum value (step 918). The performance of the modified parameter set is then evaluated 
(step 920) according to a performance metric based on criteria that will be described in further 
detail below (with reference to FIGS. 10-1 1). If the performance of the modified parameter set is 
better than the previously stored parameter set (step 922), then the modified parameter set is 
stored (step 924). The selected parameter is then incremented (step 926). If there are more 
values to consider (step 928), the new parameter set is evaluated (step 920) and the process 
repeats. If the parameter has reached the end of its permissible range and there are no more 
values to consider (step 928), the parameter selection is incremented (step 930), thereby 
choosing the next parameter in the parameter set, and as long as there are more parameters to 
modify (step 932), the newly selected parameter is set to its minimum (step 918), and that 
parameter is tested over its range of values along with the other parameters in the stored 
parameter set. 

[0170] If there are no more parameters to consider (step 932), the stored parameter set is 
compared to the parameter set stored after the prior iteration (or at the outset, step 910, if only 
one pass through the method has been completed). If the stored parameter set has converged 
O sufficiently (step 934) according to the termination criteria set by the user in step 912, or if it 
appears that it will not converge or is oscillating among multiple solutions, then the process ends 
(step 936), and the most recent stored parameter set is used in the patient-specific detection 
template. Otherwise, if the process is not able to end, the first parameter is again selected (step 
916), and the iterative process repeats until convergence is achieved or until a pre-defined or 
programmed number of iterations have been performed (which may indicate that no solution is 
possible given the specified initial parameter set and termination criteria). It should also be 
noted that testing for convergence (step 934) can be performed at other times during the process 
illustrated in FIG. 9, for example after each "line" in the greedy line search is completed and all 
values for a parameter have been tested (between steps 928 and 930). 

[0171] The search strategy illustrated in FIG. 9 and described above is considered a "greedy 
line search," in that it varies only one parameter at a time (therefore testing along a line in 
multidimensional parameter space), cycling through values (i.e., points along a line) and then 
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parameters (i.e., lines in different dimensions) one at a time until a preferred parameter 
combination is found. It should be noted that there may be more than one "solution" (i.e., 
optimxma parameter combination) in the multidimensional parameter space, and that the greedy 
line search may converge to a locally preferred parameter combination that does not perform as 
well as other untested combinations in parameter space. However, these potential disadvantages 
are far outweighed by the computational resources that would be necessary to perform an 
exhaustive brute-force search on the parameter space with the resolution required by a system 
according to the invention. Such an exhaustive approach would be impractical, and even with 
current computing technology, may take many years to complete. To give but one example 
using the half wave analysis tool, if the threshold number of waves is set to cover a range of 4 
through 10 in intervals of one, the minimum wave duration is set to cover 30 ms through 50 ms 
in intervals of one millisecond, the peak-to-peak voltage is set to cover 150 fiV through 250 fiV 
in intervals of 1 /iV, and the total duration is set to range from 500 ms to 2,000 ms in intervals of 
10 ms, and further if the analysis window size is set to range from 3 to 6 in intervals of one, and 
the analysis window count is set to range from 2 to 4 in intervals of one, the total number of 
parameter combinations will be7x21xl01xl51x4x3, or approximately 26.9 miUion. In a 
clinically advantageous context with finer resolution, incorporating hysteresis and other 
variables, the number of combinations to test may be even greater than that. 
[0172] In connection with FIGURE 10, it is usefiil to consider the various types of correct and 
incorrect detections (and failures to detect) possible in a system according to the invention and 
advantageous in calculating an overall performance metric as set forth above. An exemplary 
EEG trace 1010 includes two regions of seizure activity - a first seizure region 1012 and a 
second seizure region 1014. The two seizure regions are annotated as such by a user of a system 
according to the invention, as described above in connection with FIG. 6. It should be noted that 
the exemplary EEG trace 110 of FIG. 10 is fabricated and simplified; its characteristics are 
visually apparent for purposes of explanation herein, and the seizure regions 1012 and 1014 but 
its characteristics may or may not have any real-world seizure detection significance. 
[0173] In general, two types of detection errors are possible: false positives (detection made 
outside of an annotated event) and false negatives (no detection made within an annotated event). 
Analogously, two types of correct detections are possible: correct positives (detection made 
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within an annotated event) and correct negatives (no detection made outside of an annotated 
event). These four detection permutations can be considered on both a point basis (one 
processing window at a time) or on a block basis (where multiple detections within an annotated 
event or multiple detections in processing windows in close proximity to each other are treated 
as a single block). 

[0174] Accordingly, there are eight total detection permutations; point false positives, point 
false negatives, point correct positives, point correct negatives, block false positives, block false 
negatives, block correct positives, and block correct negatives. A combination of four of these is 
considered to provide especially useful information in the context of a performance metric 
according to the invention. 

[0175] An exemplary first string of detections 1016 is illustrated in FIG. 10. Each of the 
y circles in the first string of detections 1016 represents a point detection corresponding to a 

processing window (processing window boundaries are indicated by vertical hash marks). As 

described above, detections are generally made only once per processing window. Some of the 
M point detections occur within the annotated seizure regions 1012 and 1014, while others do not. 
ry [0176] A first logic signal trace 1018 represents a detector output signal corresponding to the 

detections 1016. A logical true signal is output when a detection is made (indicating a positive 
□ detection); a logical false is output otherwise (indicating no detection). 

ry [0177] A second logic signal trace 1020 represents the first logic signal trace 1018 with 
persistence applied. Persistence is set to three processing windows; in the illustrated example, 
each detection persists for three processing windows beyond the time it was triggered. 
Persistence is preferably a progranmiable parameter that can be set to any of a range of values. 
[0178] A second string of detections 1022 represents point false positive detections, i.e., those 
detections 1016 that are outside of the annotated seizure regions 1012 and 1014. 
[0179] A third logic signal trace 1024 represents block false positive detections, i.e., those 
detections including persistence 1020 that fall outside of the annotated seizure regions 1012 and 
1014. Persistence is used to merge point false positive detections into block false positive 
detections, because unlike the annotated events (such as the seizure regions 1012 and 1014), 
there is not necessarily any common characteristic, other than adjacency in time, that would 
cause point false positive detections to be grouped together. 
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[0180] It should be noted that alternative definitions of "block" are possible and usable in the 
context of the present invention. For example, an entire EEG record might be regarded as a 
block. Alternatively, blocks may be defined as groups of point detections merged in accordance 
with a clustering algorithm or a probability density; suitable algorithms are well known. 
[0181] A third string of detections 1026 represents point correct positive detections, i.e., those 
detections 1016 that are within the annotated seizure regions 1012 and 1014. Note that there are 
no point correct positives within the second annotated seizure region 1014. 
[0182] A fourth logic signal trace 1028 represents block correct positives; it is set to logical 
true for the duration of an annotated seizure region if a point correct positive detection is made 
during the region. Accordingly, this signal trace 1028 is true (high) for the first annotated 
seizure region 1012, but not for the second annotated seizure region 1014. 
[0183] A fifth logic signal trace 1030 represents block false negatives; it is set to logical true 
for the duration of an annotated seizure region if no point correct positive detection is made 
during the region. Within annotated regions, the block false negative signal trace 1030 is the 
logical inverse of the block correct positive signal trace 1028. Accordingly, this signal trace 
1030 is true (high) for the second annotated seizure region 1014, but not for the first annotated 
seizure region 1012. 

[0184] Latency is another detection characteristic that is important in the context of the current 
invention. The time interval between the annotated beginning of an event and the first point 
correct positive (represented in FIG. 10 by an interval 1034) represents a time delay firom the 
electrographic beginning of an event and when the event would be detected by a system 
according to the invention. Clearly, the shortest possible detection latency is desired, allowing 
the implantable neurostimulator 110 (FIG. 1) to be able to apply responsive therapy or take other 
action at the earliest possible time. 

[0185] It is possible, when a false positive detection is made before the beginning of an 
aimotated event, to advantageously reclassify such a false positive as a correct positive if it is 
likely to be predictive of the annotated event. For example, a detection 1032 occurs shortly 
before the second annotated seizure region, and may be considered, in an embodiment of the 
invention, to be a correct positive with a negative detection latency rather than a false positive. 
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The use of such a pre-annotation positive detection with negative latency to achieve prediction is 
described in further detail below. 

[0186] The foregoing identified detection permutations, namely point and block false 
positives, point and block correct positives, block false negatives, and detection latency, have 
been found to be useful in calculating a combined performance metric according to the 
invention. The other permutations, specifically point and block false negatives and point false 
negatives, are generally either redundant or provide no additional useful information. 
[0187] The combination of the above-described factors into a performance metric, as 
performed by a system according to the invention, is illustrated by the flow chart of FIGURE 1 1 . 
Initially, and as specified by step 920 of the automatic template development process (FIG. 9), 
the detection algorithm specified by the analysis tool (or tools) being optimized is performed on 
all data, including the event data set and baseline EEG data (step 1110). Point correct positives 
are identified and counted (step 1112). Detection latencies are measured (step 1114) based on 



m 



Q 



the point correct positives and the annotated events. 
[0188] Block correct positives are identified and counted (step 1116), as are point false 
positives (step 1118) and block false positives (step 1120). Block false positives, as described 
above, are identified by using detection tool persistence to merge point false positives into 
blocks. Accordingly, the durations of any block false positives identified are used to scale the 
count (step 1 122). Finally, block false negatives are identified and counted (step 1 124). 
[0189] It should be noted that in a preferred embodiment of the invention, certain 
modifications to the raw counts described above may provide advantageous results. For 
example, as illustrated in FIG. 10, described above, a point positive detection 1032 occurring 
shortly before the beginning of an annotated event (e.g., before a "Seizure Start" annotation 612, 
FIG. 6) may not represent a false positive, even though it occurs outside of the annotated event. 
It may instead be a predictive detection, identifying a significant characteristic of the EEG signal 
that might not have been apparent to the practitioner who annotated the beginning of the event. 
Accordingly, point positive detections occurring a limited amount of time (either a 
programmable or preset amount of time) before an event should be considered correct positives 
and not false positives. Similarly, because the detection latency (the amount of time between the 
start of an annotated event and such a pre-annotation correct positive, as that quantity is 
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measured according to the invention) will be measured as a negative quantity, certain negative 
detection latencies should be considered advantageous and treated accordingly. Observe, 
however, that highly negative detection latencies are more likely representative of false positive 
detections. 

[0190] Similarly, positive detections occurring shortly after the end of an annotated event 
should preferably be disregarded. As with the pre-aimotation detections described above, such 
post-annotation detections may represent waveform characteristics not observed by the clinician 
when the events were annotated. Moreover, if the actual annotated event has also been correctly 
detected and identified (and particularly if the event is an onset or seizure), it is likely that in 
practice the implantable neurostimulator 110 will apply responsive therapy, altering the nature of 
the waveforms that are likely to follow. Generally, detection will be disabled during and shortly 
y after responsive therapy according to the invention. 

@ [0191] The foregoing individual performance factors, identified, counted, measured, and 
^,^ 5 scaled as set forth above, are then combined into an overall performance metric (step 1 126) used 

"S3 

by the automatic template development process (FIG. 9). In a presently preferred embodiment of 
pj the invention, each of the factors is given a numeric weight (which may be selected as part of the 

termination criteria set in step 912, FIG. 9, or may be pre-programmed), and the factors, scaled 
P by their corresponding numeric weights, are added together to form a scalar performance metric, 
pj In an alternative embodiment, the factors are collected as the terms of a multidimensional 

performance vector, which can be compared to other performance vectors by any of numerous 

known vector distance metrics. 



[0192] The automatic template development methods described above are characterized as 
generally being operative on a single detection algorithm or tool (e.g., half wave, line length, or 
area) at a time. It is considered advantageous, however, to be able to configure the implantable 
neurostimulator 110 so that multiple detection tools are used to detect a single event. 
Accordingly, several strategies are possible for developing a detection template that includes 
parameters for multiple detection tools. 

[0193] It is presently considered preferable to perform template development on each 
detection tool as described above separately (or twice for each tool, to accommodate selective 
inversion usable in combining the results of the tools), and then to combine the results via 
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Boolean logic. For example, the implantable neurostimulator 110 may be programmed to detect 
a specified event only if the half wave, line length, and area tools all individually indicate (over a 
short period of time specified by the persistence parameter) that a detection should be made. In 
this embodiment of the invention, the combination of detection tools may also be optimized upon 
in a subsequent process, modifying persistence for each of the applicable tools according to the 
greedy line search described above. This would then be followed by an exhaustive search of the 
various combinations of tools, identifying the subset that provides the best performance. 
[0194] Other combinations of the detection tools or algorithms may also be used. However, 
note that a Boolean AND combination of multiple detection algorithms will generally result in an 
output that is more conservative (i.e., less likely to detect an event) than each individual detector 
used alone, and may have long detection latencies. Accordingly, it may be necessary in some 
circumstances to adjust the termination criteria (step 912, FIG. 9) and weights used to combine 
various factors into the performance criteria (step 1126, FIG. 11) to allow a limited number of 
false positive detections in each detection algorithm and/or reduce detection latencies, so that the 
combination will provide optimum results. 

[0195] Altematively, multiple detection algorithms can be optimized upon substantially 
simultaneously, with the aggregate collection of detection parameters from all of the applicable 
detection algorithms (including persistence and selective inversion for each algorithm) being 
used in the greedy line search algorithm described above. This would tend to prolong the 
automatic template development process (FIG. 9), as more parameters would need to be 
processed and the results would be less likely to converge as quickly. 

[0196] In one embodiment of the invention, multiple detection channels can be used to detect 
a single event by identifying combinations of neurological conditions that occur in one or more 
locations of the patient's brain. For example, when one detection channel is used to detect a 
particular neurological event of interest, a second detection channel can be used to detect either a 
corroborative signal pattern or the absence of contradictory or confounding factors (such as 
noise). In this example, the second detection channel represents a "qualifying channel" with 
respect to the first detection channel. As described above, either stereotypical noise records or 
EEG records including noise can be annotated and used with the automatic template 
development process to enable the isolation and identification of the occurrence of noise; the 
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same is true for other types of confounding factors (such as sleep spindles and other normal 
neurological signal patterns). 

[0197] In general, a qualifying channel allows a detection to be made only when both channels 
are in concurrence with regard to detection of an event. For example, a qualifying channel can 
be used to indicate when a seizure has "generalized," i.e. spread through a significant portion of 
a patient's brain. To do this, a first input channel and a second input channel of the 
neurostimulator 110 (FIG. 1) are configured to receive EEG waveforms fi^om separate amplifier 
channels coupled to electrodes in separate parts of the patient's brain (e.g., in opposite 
hemispheres). 

[0198] Accordingly, then, a Boolean AND operation on the detection results of the channels 
will indicate a detection only when the first detection output and the second detection output 
both indicate the presence of an event. Alternatively, when Boolean logic inversion is present on 
the second detection channel, a detection is accomplished when the first detection output 
indicates the presence of a first event (e.g., the event sought to be detected) while the second 
detection output does not indicate a second event (e.g., noise). As described above, detection 
outputs can be provided with selectable persistence (i.e., the ability to remain triggered for some 
time after the event is detected), allowing the Boolean AND combination to be satisfied even 
when there is not precise temporal synchronization between detections on the two channels. 
[0199] It should be appreciated that the concept of a "qualifying channel" allows the flexible 
configuration of a neurostimulator 110 according to the invention to achieve a number of 
advantageous resuhs. In addition to the detection of generalization, as described above, a 
qualifying channel can be configured, for example, to detect noise so a detection output is valid 
only when noise is not present, to assist in device configuration in determining which of two sets 
of detection parameters is preferable (by setting up the different parameters in the first detection 
channel and the second detection channel, then replacing the Boolean AND combination with a 
Boolean OR combination), or to require a specific temporal sequence of detections (which would 
be achieved in software by the CPU 128 after a Boolean OR combination of detections). There 
are numerous other possibilities. 

[0200] As with the combination of multiple detection algorithms, described above, it is 
presently considered preferable to perform template development on each detection channel as 
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described above separately (or twice for each algorithm, to accommodate selective inversion), 
and then to combine the results via Boolean logic. Alternatively, multiple detection channels can 
be optimized upon substantially simultaneously, with the aggregate collection of detection 
parameters from all of the applicable detection channels (including persistence and selective 
inversion for each chaimel) being used in the greedy line search algorithm described above. This 
too would tend to prolong the automatic template development process (FIG. 9). 
[0201] As described above, if the EEG records stored in the programmer 212 and used in the 
automatic template development process have not been pre-processed by the neurostimulator 
110, it is possible to employ the automatic template development process to identify a suitable 
set of signal pre-processing parameters. Several approaches are possible, including optimizing 
on the signal pre-processing parameters substantially simultaneously with the detection 
parameters described above (as with optimization upon multiple detection algorithms, creating a 
relatively longer list of parameters to optimize upon), or altematively first identifying a preferred 
set of detection parameters (with a default set of pre-processing parameters) and then identifying 
the preferred signal pre-processing parameters based on the desired detection parameters, or first 
11 identifying desirable signal pre-processing parameters and then the detection parameters. 
^ [0202] In any of these cases, if pre-processing is performed in the analog domain in the 
3 neurostimulator 1 10, it may be necessary for the programmer 212 to simulate the results of such 
pre-processing digitally, and apply the simulated results to the EEG records being considered 
before detection is tested (as in FIG. 9). In one embodiment of the invention, signal pre- 
processing parameters are individually programmable for each EEG channel in the 
neurostimulator 110, or altematively, a single set of signal pre-processing parameters may be 
programmed to have a global effect upon all channels. 

[0203] The results obtained by the automatic template development process (FIG. 9) are 
ultimately presented and displayed to the clinician using the programmer 212 (step 520, FIG. 5). 
Various graphical aids may be used to assist the clinician in interpreting the results. For 
example, in addition to a basic numeric readout of the detection parameters making up the 
computed patient-specific template, it may be advantageous to provide a graphical display of the 
EEG records, illustrating where various correct and false detections occurred, and further 
illustrating where annotated events may have been missed. This may allow the clinician to 
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revise the event annotations (as in FIG. 6) to more precisely specify the bounds of the events 
sought to be detected, to reclassify event types, or to otherwise change the inputs to the template 
development process of the invention, allowing it to be re-run for better results if necessary. 
Moreover, an excessively conservative detection scheme might not be preferred - it should be 
recognized that a relatively small number of false positive detections may be tolerable and in 
some circumstances desirable, as these false positives may actually represent latent seizure-like 
activity with only minor (if any) clinical manifestations. 

[0204] Various other modifications, adaptations, and alternative designs are of course possible 
in light of the above teachings. Therefore, it should be understood at this time that within the 
scope of the appended claims the invention might be practiced otherwise than as specifically 
described herein. 

[0205] It should be observed that while the foregoing detailed description of various 
embodiments of the present invention is set forth in some detail, the invention is not limited to 
those details and an implantable neurostimulator or neurological disorder detection device made 
according to the invention can differ fi-om the disclosed embodiments in numerous ways. In 
particular, it will be appreciated that embodiments of the present invention may be employed in 
many different applications to detect anomalous neurological characteristics in at least one 
portion of a patient's brain. It will be appreciated that the functions disclosed herein as being 
performed by hardware and software, respectively, may be performed differently in an 
alternative embodiment. It should be fiirther noted that fimctional distinctions are made above 
for purposes of explanation and clarity; structural distinctions in a system or method according to 
the invention may not be drawn along the same boundaries. Hence, the appropriate scope hereof 
is deemed to be in accordance with the claims as set forth below. 
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